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ABSTRACT 
Metasediments of the Precambrian English River subprovince, a 
subdivision of the Superior province, are conspicuously migmatized by 
'bands of light-colored, igneous-appearing material. The metasediments 
them.selves consist of alternating layers of pelite and wacke 
lithologies, which represent original mudstones and graywackes 
respectively. Their deposition is thought to represent subaqueous 
turbidity flows. 
For the metasediments of the study area, a 250 square kilometer 
portion of the English River subprovince, metamorphic grade increases 
southward from the English River subprovince's northern border. Two 
isograds have been mapped: the disappearance of muscovite and the 
disappearance of stable sillimanite. Geothermometry studies are 
consistent with the trend in metamorphism and temperature values 
indicate an essentially east-west trending thermal anticline near the 
center of the subprovince's northern metasedimentary domain. 
Granulites, defined by the presence of orthopyroxene, occur in the high-
grade metasediments near the center of the thermal anticline. Water 
activities appear to decrease with increased metamorphic grade. 
Melting reactions in both pelites and wackes are consistent with 
phases in small, leucocratic, isolated patches of what is thought to be 
xi 
anatectite in the metasediments. These llallle melting reactions cannot 
always explain the conspicuous layered leucosome layers which must have 
been introduced into the metasediments by injection. Structural and 
chemical observations are also consistent with an injection mechanism 
for the formation of the area's layered migmatites. The source of the 
injected material is most likely from extensive fusion of the 
meta.sedimentary pile at greater depths. 
xii 
INTRODUCTION 
Archean, high-grade metamorphic terrains contain remnants of the 
oldest sedimentary and igneous rocks. An understanding of the 
mechanisms of formation of these rocks may provide insight into geologic 
processes which occurred at a very early period in the earth's time. 
Archean high-grade terrains are highly deformed due to regional 
metamorphism which has reached upper amphibolite and granulite facies 
conditions. Rocks of these terrains are primarily supracrustals, 
granitic-gneiss basement rocks, and layered igneous complexes all of 
which lack significant economic deposits (Windley, 1977). The high-
temperature metamorphism has been interpreted by many investigators to 
indicate a steeper, continental geothermal gradient and thinner crust 
than exists at present. More recent data, however, suggest that 
metamorphic pressures as well as temperatures were quite high during 
Archean metamorphism, which implies crustal thicknesses and geothermal 
gradients similar to modern continents. 
ObJectives of the-Study 
The English River subprovince consists mainly of metasedimentary 
supracrustals, granitoids, and granitoid gneisses. For the purposes of 
this study, only the metasedimentary rocks within a 250 square kilometer 
area of the English River subprovince were considered. Outcrops in the 
area reveal interesting migmatization structures within the 
metasediments. Field work and laboratory analyses were conducted to 
1 
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provide insight into the mechanisms of metamorphism and mlgmatlzation of 
the metasedlments. The main objectives of this study are as follows: 
1) To make observations and interpretations on 
the causes of mlgmatlzatlon of the metasedlments. 
2) To determine metamorphic facies and 
grade characteristics of the field area. 
3) To map isograds based on possible mineral reactions. 
q) To evaluate applicable geothermometers and geobarometers. 
Location and General Geology 
The Superior province of North America is one of several provinces 
which are distinguished by age and tectonic style. Rocks from the 
Superior province have been dated at greater than 2.5 billion years 
which indicates they formed during the Archean era (Condie, 1976). It 
is this province which ls the setting of the field study area. 
The Superior province is subdivided into several subprovinces based 
on differences in rock types,metamorphlc grade, and structure (fig. 1) 
(Condie, 1976). The basic divisions in the Superior province are 
alternating, linear belts of low-grade, plutonic-greenstone terrains and 
high-grade, plutonic-metasedimentary terrains (Condie, 1976; Goodwin, 
1978; SChwerdtner et al., 1978). The exact positions of some 
subprovince boundaries are conjectural while other boundaries coincide 
well with fault systems (Schwerdtner et al., 1978). 
The field study area lies within the English River subprovince of 
western Ontario (fig. 2) which is a high-grade, plutonic-metasedimentary 
terrain (Beakhouse, 1977), The English River subprovince is'bounded to 
3 
Fig. 1. Subprovinces of the Superior province (taken from 
Henke, MS thesis, 19sq and modified after Condie, 1976). 
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Fig. 2. English River aubprovince showing gneiaaic, aodic, 
and potaaaic plutonic rocks more common in the south and 
paragneias rocks more common in the north (modified after Breaks 
et al., 1978). The heavy border represents the field area. 
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the north by extensive fault systelllB which are generally concurrent with 
a lithologic boundary between low-grade metavolcanics of the Uchi 
subprovince and the high-grade metasediments of the English River 
subprovince. The three major fault systems along the Uchi-English River 
contact are (from west to ea.st) the Sydney Lake Fault System, Lake St. 
Joseph Fault Zone, and Greenbush Lake Fault Zone. The southern boundary 
of the English River subprovince is, for the most part, marked by the 
northern limit of the Wabigoon subprovince low-grade metavolcanics in 
contact with plutonic rocks of the English River subprovince (Breaks et 
al., 1978). 
The English River subprovince has been subdivided into a northern, 
supracrustal, metasedimentary domain and a southern, granitic intrusive 
and gneissic domain (Beakhouse, 1977; Beakhouse, 1974a; Breaks et al., 
1978; Goodwin, 1978b; Gower, 1978; Thurston and Breaks, 1978). The 
northern domain consists predominantly of migmatized metasediments 
(paragneiss) and a lesser proportion of plutonic rock and granitoid 
gneiss. The southern domain is a complex zone of granitic batholiths 
and stocks and more ancient granitoid gneiss (fig. 2). 
Langford and Morin ( 1976) have proposed that the alternating 
nature of linear belts in the Superior province is a result of island 
arc accretion. The Uchi, Wabigoon, and Wawa belts may have originated 
as island arcs and moved against the Berens River and Gods Lake craton 
while deep basins between the arcs filled with sediments derived from 
the arcs and produced the Quetico and English River belts. The model 
does not entirely explain some phenomena such as: 1) the origin and 
occurrence of greenstone belts which would be associated with the 
8 
volcanic arcs, 2) the fact that much of the southern plutonic domain 
(fig. 2) is 1/2 billion years older than the time of metamorphism for 
English River metasediments (Krogh et al., 1975, 1976), 3} the 
occurrence of these older plutonic bodies in the central and northerly 
portions of the northern paragneiss domain (fig. 2}. 
Techniques 
Field work was undertaken in the summer of 1983. Observations were 
made on rock types and their structures. Close attention was given to 
migmatite structures for later interpretation of migmatite origins. 
Rock samples were collected along road outcrops for laboratory analysis. 
Thin sections were made in order to determine the mineralogical 
composition of each sample and to characterize rock types. Mineral 
assemblages and textures of the meta.sediments were carefully examined in 
order to gain insight into metamorphic facies and grade characteristics 
of the field area. Comparison of mineral assemblages across the study 
area permitted the mapping of isograds. To quantify the degree of 
metamorphism, microprobe analyses of selected minerals in polished thin 
sections were obtained in order to apply conventional geothermometry-
barometry and water-activity calculation techniques. 
Additional insight into migmatite origins was gained in the 
laboratory. Mineral and chemical equilibria, investigated by optical 
microscopy and microprobe studies respectively, facilitated structural 
observations of the migmatites in the field. All information obtained 
on the migmatites was evaluated and compared to criteria used by various 
authors to distinguish the several possible mechanisms of migmatite 
formation. 
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Migmatites 
Definition of~ Migmatite 
In its broadest sense, the term migmatite denotes a megascopically 
composite rock consisting of metamorphic and igneous or igneous-
appearing components (Mehnert, 1968; Hynd.lllan, 1972; Dietrich, 1974). 
This includes a wide range of rocks such as breccias, xenolith-bearing 
intrusives, and layered and folded rocks each conforming to the 
migmatite definition. The reader is referred to Mehnert (1968) for a 
comprehensive list and discussion of migmatite types. Although other 
migmatite definitions may occur in the literature, many are ambiguous 
since they involve genetic aspects. The origin of migmatites is not 
always agreed upon and migmatites of different localities have been 
shown to have different origins. A descriptive definition such as the 
one above may well be the best to use since origin is of no concern. 
Mehnert outlines the terminology for components of migmatites which 
can generally be distinguished. He insists that the terms be purely 
descriptive with no genetic connotations. Migmatite components are as 
follows: 
1. Paleosome: unaltered or only slightly modified parent 
rock or country rock 
2. Neosome: newly formed rock portion which consists of-
a. leucosome: containing more light minerals 
(quartz and/or feldspar) with respect to the 
paleosome 
b. melanosome: containing mainly dark (mafic) 
minerals such as biotite, hornblende, etc. 
Note that paleosome may also be termed mesosome due to its intermediate 
color relative to leucosome and melanosome. 
10 
Layered Higmatites and their Origins 
The most controversial migmatite types are the layered or stromatic 
migmatites because of the differing opinions concerning their origin. 
It is this type of migmatite that is the focus of this study. Four 
general theories for the formation of the granitic portion of layered 
migmatites are cited by Hyndman (1972), Olsen (1982), and White (1965). 
These mechanislllB, which may occur singly or in any combination, are: 1) 
partial melting (anatexis) and subsequent segregation of the initial 
melt, 2) igneous injection of magma along foliation planes, 3) 
metalllorphic differentiation or layered segregation in the solid state, 
and 4) metasomatism with the introduction of external elements typically 
via a fluid phase. KechaniS111s 1) and 3) imply redistribution in an 
isochemical or closed system. Mechanisms 2) and 4) imply an open system 
with introduction of external components. Extensive layered (also known 
as lit par lit) migmatizatiGn in the field study af'ea prel.'i<:le!:1 an ---·········-----l 
excellent opportunity to evaluate the four hypotheses. 
Previous Works in the English River Subprovince 
Ketasediments 
The English River subprovince has received relatively little 
attention in comparison to the adjacent Uchi and and Wabigoon 
subprovinces which contain proven economic deposits (Beakhouse, 1974). 
Studies have been conducted in the northern metasedimentary domain and 
the layered paragneiss has been de!:lcribed. The layers are pelitic and 
psammitic (Clifford, 1969); the lithologies are thought to represent 
interlayering of shale and graywacke respectively which were originally 
11 
deposited in a basin from turbidity flows below wave base (Beakhouse, 
1974). Others have referred to the two metasedimentary lithologies as 
argillaceous and arenaceous (Goodwin, 1965), and 11pelite" and "wacke" 
(Breaks et al., 1978). The wacke is a fine-grained equigranular rock, 
light colored, and occasionally contain porphyroblasts. The pelite is 
coarser-grained, more often porphyroblastic, more strongly foliated, has 
a higher color index, and is replete with aluminous metamorphic minerals 
(Breaks et al., 1978; Beakhouse, 1974). 
Thickness of pelitic bands in the eastern Lake St. Joseph area 
varies from 2-30 inches; the interbedded wacke layers range from 2-6 
inches (Goodwin, 1965). In the Pakwash area, layers range from 1 
millimeter up to 3 meters with wackes commonly being thicker and more 
abundant than pelites (Beakhouse, 1974; Breaks et al., 1978). 
Beakhouse C1974l proposes that the chemical composition of the 
metasediments suggests illlll!aturity and fairly direct derivation from 
dacitic volcanism or surfacing granodiorite diapirs in the Uchi 
subprovince to the north. Some sediment may have come from the 
southern, batholithic domain. Major and trace element abundances in 
paragneiss from the eastern Lac Seul area are similar to tonalitic 
gneiss of the southern domain indicating that the latter may be a source 
for the paragneiss (Chou, 1978). Paragneiss from the Pakwash region 
compares closely with the Ohanapecosh formation of the Mt. Rainier area 
in Washington which is clearly directly derived from andesite to dacitic 
volcanism. A similar origin is envisaged for Pak.wash paragneisses 
(Beakhouse, 1974). Breaks et al. (1978) suggest that wacke geochemistry 
dictates a heterolithologic provenance of tholeiitic basalt and felsic 
granitoids and volcanics. 
12 
Hudec (1965) reported that the paragneiss in the Highstone-Miniss 
Lake area is locally folded into tight, overturned, isoclinal folds. 
nie surface expression of the folds is merely paragneiss with uniformly 
parallel strike and dip and unless the fold is exposed in cross-section 
it is completely overlooked. 
niurston and Breaks (1978) and Breaks et al. (1978) have studied 
the metamorphism of paragneiss in the Lake St. Joseph area in detail. 
Progressive metamorphic zones delineated by isograds show an increase in 
metamorphic grade from the Uchi-English River boundary in the north to 
about 25 kilometers south. Prograde mineral reactions for the Sioux 
Lookout region, proposed by Harris (1976), are consistent with those of 
the above authors. Sedimentary structures in graywacke units are 
generally not completely obliterated in low- and mediUlll-grade regions. 
In the high-grade regions complete recrystallization has occurred as 
described by these workers as well as others (Beakhouse, 1974; Goodwin, 
1978). Metamorphic grade changes do not always progress gradually but 
may be abruptly interrupted in areas or fault occurrences (Breaks et 
al., 1978; Bealchouse, 1974). Although Goodwin (1965), Clifford (1969), 
and Hudec (1965) did not study the results of metamorphism in their 
field areas in detail as did 'nlurston and Breaks and Breaks et al., it 
is apparent from discussions of the former authors that an increase in 
metamorphic grade from north to south across the Uchi-English River 
boundary exists. In the central portions of the English River 
subprovince, rocks are metamorphosed to middle amphibolite and granulite 
facies ( Bealchouse, 1974) • 
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Migmatization of metasediments is ubiquitous in the English River 
subprovince (Beakhouse, 1974; Breaks et al., 1978; Goodwin, 1978) and is 
characterized primarily by leucocratic, granitic bands (leucosome} 
usually conformably parallel to metasedimentary layering. Hudec {1965) 
refers to these migmatites as "lit par lit" gneisses where leucosome 
bands average 1-6 inches in width and are sharply bordered by the 
meta.sedimentary host. 
Plutonic Rocks 
Plutonic lithologies of the English River subprovince have been 
categorized into three suites (Breaks et al., 1978); 1) a gneissic 
granitoid suite (pre-tectonic), 2) a sodic plutonic suite (pre- to syn-
tectonic), and 3) a potassic plutonic suite (syn- to post-tectonic}. 
These plutonic ~uites are much more dominant in the southern plutonic 
domain but there are occurrences of sodic and potassic stocks and 
batholiths within the northern metasedimentary domain as well (fig. 2). 
The gneissic granitoid suite characteristically displays a layered 
or gneissic fabric. These rocks are extremely variable in composition 
and structurally complex due to numerous, polycyclic, intrusive phases 
and changes in fabric. Composition ranges from trondhjemite to 
granodiorite. Amphibolite enclaves exist in the gneisses (Chou, 1978) 
which may represent inclusions from an earlier supracrustal sequence or 
early mafic dikes • 
. Sodic suite rocks are also predominately trondhjemite to 
granodiorite but can locally contain significant potassic phases and 
range to quartz monzonite compositions. These rocks are not deformed to 
the extent of the gneissic granitoids but characteristically exhibit a 
I 
i 
i 
I 
i 
i 
I 
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metamorphic foliation imparted by the alignment of mafic minerals. 
Trace element and oxygen isotope studies (Chou, 1978; Longstaffe et al., 
1978) indicate a mantle or mantle-lower crust origin. 
Tile potassic plutonic suite contains rocks of granodiorite, 
granite, and quartz monzonite cOlllposition. Unlike the other two 
plutonic suites, rocks of the potassic suite form dikes and sills in the 
country rocks. Tile frequency of these apophyses decreases away from 
potassic batholiths. 
~ Determinations 
Krogh et al. (1975, 1976) have provided U-Pb age determinations for 
rocks of the eastern Lac Seul region within the English River 
subprovince. Rb-Sr age dates determined by Wooden (1978) also for rocks 
of the eastern Lac Seul area are generally consistent with those of 
Krogh et al. 
Although no age dates were determined for the gneissic granitoid 
suite, Breaks et al. (1978) point out structural evidence for these 
roclcs being the oldest of the plutonic suites. Gneissic granitoids 
occur as xenoliths within and are intruded by sodic and potassic 
plutonic rocks. 
Isotopic results indicate an age of 3008 ! 12 m.y. for a sodic 
suite pluton but if the U-Pb system has been modified by a later 
metamorphism, as is expected, a probable age of greater than 3043 ! 35 
m.y. is likely (Krogh et al., 1975, 1976). Sodic plutonic roclcs are 
intruded by plutonic rocks of the potassic suite (Breaks et al., 1978). 
A pegmatite leucosome within the paragneiss yielded U-Pb age dates 
of 2688 ! 26 m.y. and 2681 ! 20 m.y. which provide an estimate of the 
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time of anatexis during metamorphism (Krogh et al., 1975, 1976). From 
these age dates it appears not only that gneissic granitoid and sodic 
plutonic suites may have been a source of sediment for English River 
paragneiss but may also have acted as a substrate on which the sediments 
were deposited. Tectonic overthrusting of gneissic and sodic plutonic 
rocks onto northern metasedimentary domain rocks may also be responsible 
for their mutual proximity (Chipera et al., 1984). Leucosome within 
paragneiss cannot be associated with gneissic and sodic suite magmatism 
because of the much younger ages exhibited by the leucosomes. 
The youngest age dates are from the syn- to post-orogenic potassic 
suite which, according to Breaks et al. (1978), cross-cuts all other 
rocks of the area. Early phases of potassic suite plutonism yield age 
dates of 2669 ! 20 m.y. and 2660 ! 20 m.y. while later phases give dates 
of 2662 ! 52 m.y. and 2652 ! 40 m.y. The youngest ages acquired from 
potassic granites were 2568 ! 40 m.y. and 2560 ! 40 m.y.(Krogh et al., 
1975, 1976). 
METAMORPHISM AND MIGMATIZATION 
Three main lithologic types were closely examined in the field 
area: quartzofeldspathic paragneiss, garnet-cordierite paragneiss, and 
plutonic granitoid. These rock types have been defined by Breaks et al. 
( 1978) as wacke, pell te, and leucosome respectively and are used 
throughout this paper. Wacke and pelite are the only two 
metasedimentary rock types in the field area and outcrop in continuous, 
alternating layers (fig. 3), Leucosome material is igneous-appearing 
and lends a migmatized appearance to the area's metasediments. 
Petrography of Pelite Metasediment and Phase Equilibria 
Thicknesses of pelite horizons range from one centimeter to 
approximately one meter. The weathered surfaces are pale gray to rust-
colored while fresh surfaces are dark gray. The coarse-grained rocks 
are well-foliated and frequently contain garnet porphyroblasts. The 
typical mineralogy of quartz-plagioclase-biotite-garnet-
cordierite!sillimanite is indicative of a high aluminum bulk chemistry. 
A single sample (RL-18) of lower grade pelite material from the extreme 
northwest portion of the field area contains quartz-plagioclase-
muscovite-biotite and completely altered porphyroblasts of unknown 
origin. 
Two isograds may be mapped in the field for pelite lithologies. 
The first is based on the disappearance of primary muscovite to produce 
sillimanite and leucocratic material assumed to represent a K-feldspar-
bearing melt. The reaction can be modeled as 
muscovite+ plagioclase +quartz+ vapor: silimanite + liquid (1) 
17 
Fig. 3. Alternating units of pelite (coarser-grained) and 
wacke (finer-grained). 
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(Winkler, 1979; Grant, 1973; Storre and Karotke,1971; Lundgren, 1966). 
Only the sample RL-18 occurs on the low-temperature side of this 
isograd. Material thought to represent the liquid of this reaction, or 
anatectite, occurs on the high-temperature side of the isograd and 
appears as diffuse isolated leucocratic patches of igneous character 
(figs. 4, 4A). Sometimes this light-colored material is accompanied by 
randomly oriented mafic clusters of biotite, garnet, and cordierite 
which may be refractory phases in an area from which melt was extracted. 
K-feldspar, usually in the form of perthitic microcline, is restricted 
to regions within pelitic rocks which show some degree of leucocratic 
enhancement (fig. 5). The anatectite's K-feldspar content is attributed 
to the liberation of potassium by incongruent melting of muscovite. 
Vapor is included in reaction (1) because it is assumed that the 
original sediments were water-saturated (Korsman, 1977). The presence 
of connate water in metasediments reduces their melting temperature. 
Melting reactions are more likely to occur at relatively lower 
metamorphic grades under water-saturated conditions. The position of 
this isograd coincides with a fault which occurs in the northwest 
section of the field area (fig. 6). Rocks to the south of the isograd 
are of high metamorphic grade. This is in accord with Winkler (1979) 
who defines high-grade metamorphism as exceeding the beginning of 
melting in muscovite-bearing paragneiss and the coexistence of K-
feldspar with Al2Si05 and/or almandine and aordierite. 
The second isograd that may be mapped is based on the reaction 
20 
Fig. 4. Pelite samples showing regions of leucocratic 
material thought to represent crystallized melt (anatectite). 
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Fig. 4A. Outcrop ot alternating pelite and wacke with light 
colored blebs ot anatectite occurring in pelite layers. 

24 
Fig, 5, Microphoto of relatively coarser-grained anatectite 
bleb containing microcline within a finer-grained meta.sedimentary 
ho.st. 

:. I 
I 
I 
' 
26 
biotite + sillimanite + plagioclase +quartz+ vapor" 
garnet+ cordierite + liquid (2) 
{Grant, 1973). As for reaction (1), reaction (2) is assumed to take 
place in the presence of a free water vapor pha..se. Leucocratic patches 
of granitic material containing K-feldspar occur in the garnet-
cordierite pelites and are thought to represent the liquid of reaction 
{2), The K-feldspar ls formed by the liberation of potassium via the 
incongruent breakdown of biotite {rather than muscovite}. Melt material 
formed by reaction (1) cannot be distinguished from that of reaction 
(2). In fact, there has probably been a mixture of the liquids. In 
some instances, the anatectite appears to have been affected by 
compressional stress, and the liquid was drawn out into thin, 
discontinuous stringers (samples VC, VM-35B} within the pelite {fig. 7). 
The key to recognizing the reaction {2) isograd is the 
disappearance of stable sillimanite from the assemblage. The terrain 
studied can be divided into an area where sillimanite is part of a 
stable paragenesis and an area where sillimanite is either metastable or 
absent (fig. 6} due to complete removal by reaction (2). In many 
pelites, metastable sillimanite exists in the cores of cordierite, 
garnet, or plagioclase and has thus been shielded from participation in 
reaction (2} {fig. 8). This phenomenon has been reported by Breaks et 
al. ( 1978) in another portion of the English River subprovince and also 
by Korsman ( 1977) who studied progressive meta.morphism of metapelites in 
Finland. Sillimani te is found to be enclosed by the three above phases 
on either side of the isograd, but on the low-grade (northern} side it 
also occurs stably with biotite, quartz, and plagioclase. The isograd 
Fig. 6. 
1978) showing 
(2). 
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Map of field area (modified after Breaks et al., 
positions of isograds based on reactions (1) and 
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Fig. 7. Thin, leucosome lam.ellae within pelite at top of 
sample are discontinuous and may have formed by vertical 
compression forcing anateotic liquid to migrate horizontally. 
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Fig. 8. Top microphoto is of sillimanite coexisting stably 
with biotite, quartz, and plagioclase. Bottom microphoto shows 
how sillilllanite may exist as a metastable phase within the 
interior of another phase such as cordierite shown here. 
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is drawn between outcrops MB3 and MB5 (see appendix A). Some pelite 
samples (MB9 and MB13) contain no sillimanite but do contain garnet and 
cordierite and are thus clearly indicative of the high-temperature side 
of the reaction (2) isograd. 
There are several instances of continuous, banded leucosomes 
occurring within pelite paragneiss which contain no K-feldspar (samples 
WB, WC, VM-35A, W-7B). Assuming that the formation of a melt in pelites 
is accomplished by the incongruent melting of mica, K-feldspar should be 
present in a melt generated from pelitic material. There is no 
myrmekite in these leucosomes to suggest post crystallization transfer 
of potassium out of the system (Orville, 1972; Mehnert, 1968). Thus, 
the absence of K-feldspar from these leucosomes suggests that a 
tonalitic magma completely lacking K-feldspar was introduced into a 
pelite host. 
Petrography of Wacke Metasediment and Phase Equilibria 
Wacke is the second of two metasedimentary lithologies occurring in 
the field study area. Wacke layers were found to be much more extensive 
in outcrop than pelite layers and were observed to be one centimeter to 
several meters thick. Weathered surfaces are pale gray to to rust-
colored while fresh surfaces are gray. Typical mineralogy is quartz-
plagioclase-biotite:tK-feldspar~garnet;t0rthopyroxene. The rock is 
generally fine-grained, equigranular, occasionally contains garnet 
and/or orthopyroxene porphyroblasts and exhibits poor to moderate 
foliation (fig. 9). Original sedimentary laminae may be seen in outcrop 
on weathered surfaces. 
34 
Fig. 9. Sample of wacke consisting of quartz, plagioclase, 
and biotite. 
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The presence or absence of garnet in the wackes does not appear to 
be evidence of a variation in metamorphic grade. Horizons of wacke 
metasediment may alternately cont:.ain and be void of garnet within a 
single outcrop. The occurrence of garnet is probably due to a higher 
aluminum content arising from a slightly higher abundance of mud matrix 
in the original sediment. 
Two orthopyroxene-bearing samples (MB-7A and MB-SA) represent the 
area's highest grade rocks. The presence of orthopyroxene is generally 
considered the definition of granulite facies metamorphism {Winkler, 
1979). However, the precise reaction that produces orthopyroxene in 
these granulite facies rocks is not clear. Miyashiro {1973) proposes a 
biotite dehydration reaction 
biotite +quartz: orthopyroxene + K-feldspar + H20 (3) 
and Winkler (1979) proposes 
biotite +quartz: orthopyroxene +garnet+ K-feldspar + H20 (ij) 
to form orthopyroxene, but K-feldspar is not found in the orthopyroxene-
bearing wackes. Furthermore, the liberation of ff~ would most likely 
promote partial melting of quartz and plagioclase, but no anatectite is 
found in these rocks. Breaks et al. (1978) propose an orthopyroxene 
forming reaction taken from Grant (1973) 
biotite +garnet: orthopyroxene + cordierite + K-feldspar + melt (5) 
Here again the reaction cannot be applied exactly because cordierite, K-
feldspar, and melt do not coexist in the rocks considered. Furthermore, 
Grant had originally intended this reaction for rocks of pelitic 
compositon. 
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In .some wacke layers, diffuse leuoocratic regions, usually a few 
centimeters in extent, occur. These regions are similar to the light-
colored, isolated, anatectite material found in pelitic compositions and 
are again considered to be the product of in situ partial melting of the 
metasediment (fig. 10). 
Melting of wackes involving quartz, plagioclase, and biotite has 
been discussed by several authors. In each study, anatexis was 
accompanied by the formation of a residual mafic phase via the 
inconruent breakdown of biotite. Potassium was liberated in the form of 
K-feldspar component in the melt. The following expression may 
generally be applied to these melting reactions: 
biotite + plagioclase +quartz+ vapor= 
mafic residual pha.se(s) + K-feldspar-bearing liquid (6). 
While studying the Central Gneiss Complex, British Columbia, Lappin 
and Hollister (1980) and Kenah and Hollister (1983) proposed melting of 
the assemblege quartz-plagioclase-biotite to form hornblende, sphene, 
and melt. The latter also proposed the formation of CWlllllingtonite, 
ilmenite, and melt from anatexis of the same assemblage. 
Knabe's (1970) low-pressure melting experiments (PH2o: 2kb) 
indicate that biotite composition influences the initial melting 
temperature as well as the nature of the newly formed mafic residual 
associated with the melt. Mixtures with Fe-biotite initiated a melt at 
roughly 66o0 c which was accompanied by the new phases hornblende, 
fayalite, ilmenite, and pyroxene. In the mixture with intermediate 
biotite composition, gedrite and ilmenite formed along with a melt. 
Hornblende was the only newly formed mafia residual in mixtures 
38 
Fig. 10. Wacke sample containing diffUlJe, leucocratic 
regions which are thought to represent anatectite. 
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containing Hg-biotite and melting began at approximately 705°C. Later 
experiments by Knabe (1971), again at PH2o = 2kb, showed that oxygen 
fugacity was another factor which influenced melting temperatures and 
the nature of the mafia residual in quartz-plagioclase-biotite 
assemblages. Using constant plagioclase and biotite compositions, 
melting experiments at high fo2 produced a melt at approximately 690°c 
and the new phase magnetite. Low fo2 was responsible for the onset of 
melting at approximately 715°c and the formation of orthopyroxene and 
gedrite. 
Busch et al. (1974), who conducted melting experiments on quartz-
plagioclase-biotite compositions at PH~= 1-7kb, attributed aluminum 
content as well as Fe/Hg ratios to the nature of the mafia residual 
phase. Newly formed phases accompanying melt were found to be 
hornblende, orthopyroxene, and ilmenite. 
Hoschek's (1976) experiments at Pff2o = 4kb incorporated variations 
of plagioclase An-content as well as Al and Fe/Hg variations of biotite. 
His work is the most quantitative concerning chemical variations and 
their effects on melting products. A host of mafia residuals in 
addition to melt have been noted. These are: garnet, cordierite, 
olivine, magnetite, clinopyroxene, orthopyroxene, clinoamphibole, 
orthoamphibole, and talc. 
None of the above experiments explains the occurrence of anatectite 
in wacke rocks of this study since there is no K-feldspar or mafia phase 
other than biotite associated with the isolated anatectite regions. 
However, Busch and Hoschek have also delineated biotite's stability 
rather than its demise during melting reactions of quartz-plagioclase-
41 
biotite assemblages. At medium to high aluminum contents, medium to 
high Mg/Mg+Fe ratios, and PH2o greater than 2.5kb, biotite was found to 
remain stable in the presence of a melt. In these experiments, no K-
feldspar component was added to the melt nor were there any newly formed 
phases. Biotite has resisted breakdown or melted congruently in an 
isochemical system in these cases (fig. 11). For wackes of the study 
area, it is assumed that conditions were conducive for biotite to retain 
its entity during fusion of quartz and plagioclase as was the case in 
the experiments of Busch and Hoschek. 
Isolated anatectite is rarely seen in the wacke as opposed to more 
abundant isolated anatectite found in the pelites. This may be 
attributed to a deficiency of free water in wacke material which would 
increase temperatures for melting reactions. 
In addition. to diffuse patches of isolated anatectite, thin, 
discontinuous, anatectic leucosome lamellae occur in wackes similar to 
those in pelites (MB-188, MB-218) (fig. 12). Once again it is concluded 
that anatectic liquid has been forced to flow horizontally under a 
vertical compressional stress to form isolated leucosome lamellae. 
However, unlike pelites, the absence of K-feldspar in these leucosome 
lamellae may also indicate that metamorphic segregation of wacke 
minerals has taken place to form the thin layering. Criteria for this 
hypothesis are from McClellan (1983) who asserts that metamorphic 
differentiation operates only on a small scale since the diffusion 
mechanism for such segregation has a limited extent of influence. 
Harris (197ij) and Hyndman (1972) state that leucosomes must have phases 
common to paleosomes and solid solution phases (plagioclase in this 
42 
Fig. 11. P-T diagram indicating the region of biotite 
stability upon reaction of quartz, plagioclase, and biotite. This 
situation is contingent upon medium to high aluminum and magnesium 
contents of biotite {modified after Busch et al., 197ij}. 
10 
l 
I 
8~ I I 
I I 
I I 
I I • 6 
Pkb~ OOARTZ \ 
··~·" J ORTHOPVROXENE PLAGliCLASE + "" HORNBLENDE w MELT + BIOTITE MELT 41-
2 
500 600 700 800 
T 0c 
44 
Fig. 12. Thin, discontinuous leucosome lamellae in wacke 
which may have formed by compression of anatectic liquid or by 
metamorphic segregation. 
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case) must be at equilibrium between the two rock types. Each of the 
criteria is satisfied. 
Generally, continuous, banded leucosomes contained in wacke hosts 
are composed of quartz and plagioclase but occasionally K-feldspar may 
also exist. K-feldspar-bearing melts generated from quartz-plagioclase-
biotite compositions should be accompanied by a mafic residual phase 
other than biotite. In one case, no such phase was found to be 
associated with the K-feldspar-bearing leucosomes (RF-24). In other 
cases, cordierite or garnet was observed with a K-feldspar-bearing 
leucosome (EFD-4, EFD-7, VB) or leucosome containing myrmekite 
representing an original occurrence of K-feldspar (EFD-9). Although it 
is possible for cordierite and garnet to be residual phases in melts 
generated by quartz-plagioclase-biotite compositions, these phases are 
restricted to the melting of Al-rich biotite (siderophyllite and 
eastonite end-members) in conjunction with Al-rich plagioclase 
(anorthite end-member) (Hoschek, 1976). These aluminum end-member 
compositions do not exist in any of the analyzed wacke paragneiss. 
Other samples contained cordierite but no K-feldspar in the leucosome 
(EFD-5, EFD-6). In all cases, general melting criteria for wacke 
assemblages does not apply; disequilibrium exists between leucosome 
phases and the wacke host. The presence of these leucosome bands must 
be due to derivation from an external source (fig. 13). 
47 
Fig. 13. outcrop (top) and hand sample (bottom) depicting 
pinitized cordierite (dark crystals) within leucosome bands 
contained in wacke. 
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Plagioclase Chemistry Comparisons of Banded and 
Isolated Leucosomes to their Hetased"I"mentary Hosts 
Comparative analyses were made of plagioclase grains from the 
isolated, leucocratic patches of anatectite and the enclosing 
metasedimentary host. Albitic plagioclase is known to be taken up by 
the melt in reactions (1) and (2) while the anorthite component is 
retained in residual plagioclase (Winkler, 1979; Lundgren, 1966). 
Plagioclase compositions were expected to reveal this phenomenon; 
however, An-contents of plagioclase in both parts of the rock were 
identical and displayed no chemical zonation. The plagioclase may have 
reequilibrated subsequent to crystallization of melt or An-rich 
plagioclase and Ab-rich liquid remained at equilibrium with each other 
in a closed system until all liquid had crystallized to yield 
plagioclase of the original composition prior to anatexis. 
Comparative analyses were also made of plagioclase grains in 
continuous, banded leucosomes and their host paleosomes. These 
leucosome layers contain plagioclase with compositions identical to 
plagioclase of the enclosing paleosome. Hehnert (1968) pointed out that 
this is an unexpected but typical phenomenon. Equilibration was 
probably attained by post-crystallization metamorphic homogenization. A 
slight albite enrichment occurs at the rims of some banded leucosome 
plagioclase. Mehnert (1968) suggests a differentiation process upon 
cooling of magma for this type of zoning. This would imply an open 
system, one in which a slightly differentiated liquid was mobile within 
a leucosome. 
50 
Broad leucosome bands contain plagioclase differing in An-content 
from plagioclase of paleosome hosts. Plagioclase An-contents of 
leucosomes may be higher or loHer than those of the enclosing paleosome. 
Equilibration has not occurred probably because the distance betHeen 
leucosome interiors and paleosome hosts is too great for a diffusion 
mechanism to chemically homogenize the rock as a Hhole. This further 
substantiates a transfer of material into metasediment. Further study 
of this topic might involve determining Hhether plagioclase near the 
margins of broad leucosome layers are in equilibrium with paleosomes. 
Petrography and Outcrop Structures 
of Migmatizing Leucosomes 
Although isolated anatectite is ubiquitous in the field area, the 
greatest percentage of leucosome material occurs conspicuously in 
outcrop as continuous bands less than one centimeter to at times two to 
three meters in thickness but averaging one to 10 centimeters. These 
bands are usually conformably parallel to metasedimentary layering {fig. 
14). Leucosome material also occurs as large plutonic bodies several 
meters. to several kilometers in dimension {fig. 15). The largest 
leucosome body was observed east of McKenzie Bay, Lac Seul on McKenzie 
Bay Road {Wapesi Bay Batholith). Its outcrop was encountered for almost 
10 kilometers along the road. Preliminary geologic maps by Breaks et 
al. ( 1978) show .this outcrop as a southwest trending pluton between 
Birmingham Lake and Manitoba Point, Lac Seu!. Another large leucosome 
plutonic body has been mapped by Breaks et al. (1978) and has been 
referred to as allochthonous. Larger leucosome bodies such as these 
occasionaly contain xenoliths of metasedimentary material {fig. 15). 
51 
Fig. 1ij. Outcrop of a layered migmatite within the field 
study area. 
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Fig. 15. Large, voluminous outcrops of leucosome material in 
the field area thought to have been emplaced by forceful magmatic 
activity. Photo at right contains a paragneiss xenolith. 
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Leucosome material seen in outcrop has a distinctive dull, earthy 
white color in both fresh and weathered surfaces. It is generally 
hypidiomorphic granular with grain sizes ranging from medium to 
pegmatitic and may contain the entire range of grain sizes in a single 
hand sample. The mineralogy is generally quartz-plagioclase!alkali 
feldspar. Minor accessories, which may or may not be present, include 
the aluminous, metamorphic minerals biotite, garnet, cordierite, and 
sillimanite. Modal analyses indicate a range in composition from 
tonalite completely lacking alkali feldspar to granite (fig. 16). 
The aluminous, metamorphic accessories are probably xenocrysts 
which have resisted fusion, as did paragneiss xenoliths, and have been 
incorporated in an S-type granitic liquid (Chappel and White, 197q) 
generated during anatexis of a metasedimentary host at depth. The 
magmas subsequently collected and rose upward to their position of final 
emplacement. This interpretation is based on discussions by White and 
Chappell (1977) and Harris (1976) and the experimental work of Green 
(1976) who conducted melting studies of pelitic rocks and obtained 
granitic melts with the aforementioned minerals as residual phases. 
Similar interpretations were made by Green on granitic rocks from the 
New England batholith, Australia. Brown and Fyfe (1970) presume an 
extensive residue would form at depth from such a separation of magma. 
Langford and Morin (1976) cite the results of Hall's (1968) geophysical 
studies of the English River subprovince in which "large aeromagnetic 
anomalies of relatively high intensity and low magnetic susceptibilities 
were found." It was postulated that an iron-rich anatectic residue near 
the base of the crust could account for the high magnetic anomaly. This 
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Fig. 16. Range in composition of leucosome material plotted 
using Streckheisen's classification system for igneous rocks 
(1967, 1973). Q: quartz; A: alkali feldspar; P: plagioclase 
feldspar. 
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further supports the theory of extensive anatexis of paragneiss at depth 
to form large volW11es of plutonic leucosome in outcrop. The large, 
plutonic masses or magma challlbers from which these masses may have been 
derived probably provided a source for layered leucosome material. The 
"restitic phases are frequently much larger than the same phases found in 
adjacent paragneiss. In this case xenocrysts may have acted as 
nucleation sites in a liquid mediWII where ion migration was enhanced and 
mineral growth progressed rapidly (fig. 17). 
Plutonic leucosome differs from other plutonic rocks of the English 
River subprovince in a variety of ways. Leucosome has a distinctively 
white, physical appearance and wide range of composition, unlike rocks 
of the other plutonic suites. It lacks foliation which is 
characteristic of the gneissic granitoid and sodic plutonic suites and 
contains paragneiss xenocrysts and xenoliths. Although a potassic suite 
pluton near Perrault Falls contains restitic garnets and paragnei.ss 
clots (Morin and Turnock, 1975), this is not typical for potassic 
plutonism as it is for leucosome material, nor does the Perrault Falls 
outcrop show the typical white color of leucosome. Finally, as was 
stated earlier, age dates differ for each of the plutonic lithologies. 
Hudec (1965) and Clifford (1969) infer that magmatic injection is 
responsible for the lit par lit migmatites in their study areas of high 
grade paragneiss within the English River subprovince. Hudec finds 
similar mineral compositions and textures of both continuous leucosome 
bands and large intrusive bodies, indicating that the latter is a 
possible source for the former. Furthermore, Hudec argues that 
paragneiss associated with leucosome bands is similar in bulk 
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Fig. 17. Photos of large aluminous phases {garnets) 
associated with leucosome material. 
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composition to paragneiss devoid of leucosome bands. Therefore, 
derivation of leucosome from adjacent paragneiss by melting could not 
produce sufficient amounts of granitic material to account for the 
volumes of leucosome material which range from 10% - 70% of a given 
outcrop. 
Hudec's points are well taken. Many leucosome bands were found to 
lie adjacent to intact and unaltered wacke and pelite horizons. It is 
felt that these meta.sediments are unmodified since no major 
discrepancies in modal amounts of minerals, structures, or textures 
exist between meta.sediments associated with leucosome material and 
111etasediments not associated with leucosome material. If partial 
melting of adjacent.meta.sediments to produce leucosome bands is invoked, 
then these meta.sediments could not have retained their entity as 
unmodified wacke·and pelite. Melanosome selvedges adjacent to 
leucosomes would be expected to occur if melt was extracted leaving 
behind concentrated residual phases. Mafic selvedges are not always 
present (fig. 18). The absence of contact aureoles adjacent to the 
injected magma is due to high metamorphic temperatures of the 
meta.sediments nearly equal to those of the magma. 
In those cases where a mafic selvedge does exist it may be readily 
apparent that the melanosome lacks in volume so that leucosome plus 
melanosome cannot equal paleosome. The occurrence of scant melanosome 
selvedges relative to leucosome may be explained by minor partial 
melting of the paleosome along the contact of an intrusion. Melt would 
be extracted from the paleosome and enter the intrusive magma leaving 
behind residual phases such as biotite to form a restite melanosome 
62 
Fig. 18. Left photo shows thick leucosome bands adjacent to 
unmodified wacke (light gray) and pelite (dark gray) paleosome 
layers·. Right photo shows a close-up of one of the leucosome 
bands as being adjacent to umaodified wacke paleoso111e. No m.afic 
selvedge exists from which melt may have been extracted to produce 
the leucosome material. 
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(Olsen, 1982; Harme, 1965; Harris, 197ij). The cause for this process 
may be the.influx of heat or H20 or both from an intrusive magma (fig. 
19). These observations make it doubtful that sufficient liquid was 
derived from the adjacent paragneiss to form the bulk of the granitic 
material in these leucosomes. 
The absence of melanosome phases in many neosome bands would tend 
to cast doubt on their formation by isochemical melting of a single 
metasedimentary layer (Johannes and Gupta, 1982). Furthermore, in a 
tectonic setting of alternating graywacke and shale deposition it is not 
likely that other types of sediments with compositions conducive for 
complete fusion would be deposited (Selley, 1976). 
Other evidence in favor of open system migmatite formation includes 
the occurrence of leucosome bands cross-cutting paragneiss layering 
(Hyndman, 1972; Harris, 197ij) (figs. 20 and 20A). Bifurcating and 
anastomose leucosomes are sometimes observed. The amount of leucosome 
in cases of anaatomose structures may be great enough to lend a 
brecciated or agJ11B.tic appearance. These observed agmatites contain 
large fragments of primary, unmodified metasediment with little or no 
melanosome material at the rims (fig. 21). 
Hudec (1965) also considered the remote possibility of leucosomes 
formed by a granitization process. Transformation of metasediments via 
metasomatic fluids is not likely due to the distinct boundaries between 
neosome and paleosome. High-temperature fluids traveling pervasively 
through a country roek would not be so strictly confined to a discrete, 
well-defined pathway. As a result, one would expect transitional 
boundaries between paleosome and neosome. Furthermore, there are no 
,1,. 
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i Fig. 19. Outcrop where mafic selvedge does not appear 
extensive enough such that melanosome + leucosome: paleosome {an 
intication of in situ anatexis). It seems highly unlikely that 
th bulk of leucosome material shown here could have been derived 
fr m the scant melanosome selvedge. The leucosome material is 
co~tained within a pelite horizon. Finer-grained wacke occurs 
above the pelite. 
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Fig. 20. Photos of leucosome material cross-cutting 
. j metasedimentary banding. To.e lower photo depicts well-defined 
-·-: ___ l~ ____ Jltll!t~_Jcoar5!.r-grained) and wacke (finer-grained) units adjacent. 
· · ~ to the cross-cutfitlg1:eucosoe. ·------·---~·-·-·---·····-----·-
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Fig. 20A. Field area outcrop of cross-cutting leucosome 
bands • 
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Fig. 211. Top photo shows ana.stomosing leucosome system. 
Bottom pho~ shows a migmatite breccia {agmatite}. In both cases 
paleosome· Tterial is pristine and unmodified meta.sediment. 
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relict textures suggestive of replacement of preexisting paleosome 
(Hyndman, 1972; Hatris, 197q; Nockolds et al., 1979; llarme, 1962). 
. . 
Leucosome texturesi are igneous. 
Layered mignia~ite mass balance estimates by Olsen 
(1965,1966) indicafe open systems in which metasomatic 
(198ij) and llarme 
fluids are 
thought to have be~n introduced into a paleosome host along foliation 
planes. nie fluidb acted as a flux, reducing melting temperatures of 
the paleosome and bausing partial melting along their path, with 
I 
subsequent segrega!tion to form leucosome and melanosome components. If 
formation of the 9onspicuous layered mig111atites in the English River 
I 
subprovince is du~ to anatexis (and it is not considered likely) then 
the mechanism proposed by Olsen and llarme would seem to be the only way 
sueh selective me,ting of paleosome in distinct layers could be 
possible. Dougan 1(1979) has indicated that a difference in conditions, 
such as PH2o, is ~equired to cause a homogeneous composition to melt in 
one area (neosome~ and not in another (paleosome). 
Metamorphic ~ifferentiation does not seem to be a viable mechanism 
for the formation iof most neosomes. Leucosomes with cross-cutting 
relations to metajediments cannot be considered to have formed by a 
metamorphic diffe.entiation process (Harris, 197q; Hyndman, 1972). In 
general, layeringiwhioh originates during metamorphism is perpendicular 
to compressional ~tress. Leucosome layers would be conformable to 
metasedimentary 14yering if formed by metamorphic_segregation. Also, 
leucosomes having !phases which do not appear in adjacent paleosomes or 
having solid solu,ion phases of different composition between leucosome 
and paleosome ca~ot be considered products of metamorphic 
differentiation (!Jarris, 197ij; Hyndman, 1972). 
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Medium-grade mbta.sediments.outside the field area near Lake St. 
i 
Joseph were also observed to be migmatized. Pelite horizons of this 
i 
area contain porphy/roblasts of andalusite and staurolite (Coodwin, 1965; 
I 
Breaks et al., 197~; Chipera, personal communication) indicative of a 
relatively lower ~de of metamorphism not sufficient to cause 
metasediment anate,is (Winkler, 1979). Leucosome bands are of igneous 
character and iden~ical white, earthy color as that of leucosome 
I 
material in the fi1ld area. These bands occur conformable to 
I 
metasedimentary layering but also bifurcate to cross-cut layering and 
occasionally conta~n xenoliths of metasediment suggesting a magmatic 
intrusive origin {fig. 22). Their source may be the deeper, highly 
I 
metamorphosed sedi•entary pile where large amounts of melt have been 
i 
generated via anatixis. Leucosome bands of this region are more often 
pegmatitic than lei>cosome bands of the higher grade areas and 
I 
occasionally contatn large euhedral to subhedral grains of tourmaline. 
Their pegmatitic and tourmaline-bearing nature may indicate that the 
i 
magmas have differfntiated to a degree in their distal migration to 
lower-grade rocks.I Relatively low-grade rocks, containing intrusive 
leucosomes derived/ from higher grade regions where anatexis is thought 
to have occurred, iare discussed by Lundgren (1966) and Korsman (1977). 
i 
Korsman has also npted tourmaline in these types of leucosomes. 
i 
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i 
Fig. 22. Outcrops of leucosome depicting injection 
structufes in medium grade metasediments outside the field study 
area. (Top) Leucosome containing paragneiss xenoliths. {Bottom) 
Leucoso•e cross-cutting paragneiss layering. 
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Three 
PRESSURE, AND WATER ACTIVITY ESTIMATES 
Geothermometry 
I 
variati~ns of garnet-biotite geothermometry were applied to 
me edimentary ro~k:s of the field study area: Ferry and Spear (1978), 
Thom son (1976), a~d Perchllk and Lavrent'eva (1983). For a given 1n K, 
s 
in 
I tions in temp~rature values exist between the three geothermometer 
! 
rations. Temperature relationships are depicted in figure 23, 
-two samples ~f both wacke and pelite were subjected to each of the 
i thermometers (table 1). 
The occurren~ of orthopyroxene 
I 
' 
in pelitic metasediments has been 
in several ~tudies of other high-grade terrains which have been 
ized by Newtjon (1983), Newton and Perkins (1982), and Perkins and 
' 
ra (1985). Metamorphic temperature estimates for these terrains 
1iw0 c to 84o0 tj. Orthopyroxene has not, however, been found to exist 
I lite composi~ions of the English River subprovince field area which 
su temperattlres were too low for orthopyroxene formation. Figure 
24 hows that the /Ferry and Spear temperatures and corresponding 
pre sures fall we~l within the stability field of orthopyroxene. 
rature est~tes from the other two thermometers seem viable with 
ct to progra4e reactions proposed to have taken place in pelitic 
i 
sitions. Ho~ever, Perchuk and Lavrent•eva values are most 
co istent with p~oposed reactions in P-T space. Temperatures less than 
abo t 650°C are mqst likely too low since reaction (1) which represents 
the disappearance/of muscovite and the onset of melting is assumed to 
tak place at routtily this temperature. A reasonable estimate of peak 
77 
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I 
Fig. 23. Diagram illustrates temperature variations for a 
given value of lnK between the three geothermometer calibrations 
used in this study (modified after Perchuk and Lavrent•eva, 1983). 
I 
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TABLE 1 
' TEMPERATURES (0c) OBTAINED FROM VARIOUS 
~IOTITE-GARNET GEOTHERMOMETER CALIBRATIONS 
I 
I 
FERRY PERCHUK 
& & 
LITHOLQGY SAMPLE SPEAR THOMPSON LAVRENT'EVA 
------~------------------------------------------------
p~ 
11-1A 758 700 683 
PELI 11-2B 775 710 690 
WA W-3A 743 680 676 
WACKE W-3E 693 650 649 
WAI W-4A 723 675 
666 
PELI 11-6B 690 650 650 
:~ 
W-7A 687 650 649 
W-8B 717 655 663 
PELI E W-9A1 867 765 730 
WA W-9A2 781 710 693 
PELI E W-10A 654 620 632 
WAra W-10B 638 
615 624 
PELI E W-11B 732 680 670 
WA W-11C 700 650 655 
PELI1!'E W-11D 722 665 666 
:;E 
W-12A 635 610 622 
W-13B 769 705 688 
WACK. W-13C 734 675 671 
WACKE W-30A 590 575 599 
WA= W-32A 671 625 641 WA W-32B 660 620 635 
PELI:t"E CL-1B 789 710 696 
PELJ,TE CL-2A 873 760 732 
WA~ CL-2C 781 710 693 
WACidE CL-5A 626 595 617 
PEL]TE MB-1B 760 700 683 
WArn MB-2A 754 690 
681 
PEL TE MB-2B 745 680 676 
PEL TE MB-3A 862 760 728 
PELlTE MB-5B 860 760 727 
WACKE MB-6A 780 710 692 
WACrr MB-SA 863 765 728 
:\,iE MB-SC 856 760 725 KB-9A 842 750 720 PEL TE MB-9C 854 750 725 
PEL TE MB-11A 878 780 734 
IIAClCE MB-11C 852 760 724 
WA! MB-11D 860 765 727 WA MB-12A 799 710 701 
WA. MB-14A 793 715 698 
WAClE MB-14B 765 700 686 
WACfE MB-18B 763 700 685 
r .. 
I 'I 
if ,, 
,f' ' 
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Fig./ 2ij. Regions of temperature-pressure estimates for each 
of the t~ee geothermometer calibrations used in this study. 
Pressure 1estimates are rough averages of values obtained from 
various geobarometers (see geobarometry section). All reaction 
lines are for pelitic meta.sediments. Reactions 1 and 2 are those 
proposed !Within the text. Regions falling within the stability 
field ofjorthopyroxene (to the right of reaction B) might suggest 
excessiv~ly high temperature estimates since orthopyroxene is 
absent iq pelites of the study area. 
Rea1t1on positions are taken from the following sources: 
i laluminosilicate triple point: Holdaway, 1971 
1
A: Merrill et al., 1970; Tuttle and Bowen, 1958 
: 1: Storre and Karotke, 1971 
1
2: Grant, 1973 
. B: Grant, 1973 
:C: Althaus, 1970 
The/following abbreviations are 
' Al = alwninosilicate I And = andalusite 
I Bt = bioti te 
: Cd = cordierite 
Gt = garnet 
Kf = K-feldspar 
Ky = kyanite 
L : liquid 
Ms = muscovite 
Opx = orthopyroxene 
Pl = plagioclase (albite) 
Q = quartz 
Sill= silliJBanite 
/v = vapor 
used: 
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met orphic temperitures for the region of study is 650°c to 750°c based 
upon pertinent min~ral reactions (within marginal limits of their 
I 
posi ions) in P-T ,pace for field area rocks. 
! 
Temperatures ~erived using each thermometer were plotted on a base 
map o check for airegional thermal trend. Although temperatures differ 
I betw en the three fhermometers, each depicts a region of higher 
tem ratures in thf center of the study area. Figure 25 depicts an 
esse tially east-wfSt trending thermal anticline with reference to the 
Pere uk and Lavrenf'eva temperature values. The increase in 
tem ratures southiiard to the thermal anticline coincides with an 
I 
e in metamo[phic grade indicated by the reaction (2) isograd near 
isotherm Wacke samples bearing orthopyroxene (MB-7A, MB~8A) 
in the high emperature region which, is consistent with arguments 
i 
for rthopyroxene-pearing rocks representing an increased grade of 
I 
orphism (grantlite facies). 
Because of th imprecision inherent in each of the geothermometers 
i 
used, caution must: be exercised in evaluating temperature values. The 
isot erms of figurrs 25 and 25A are based on relative field position and 
regi nal trend of ba.lulated temperatures. 
fio 
fie 
New 
I 
Geobarometry 
variations of Five the garnet-plagioclase-Al2SiOs-quartz barometer 
i 
four calibrat:ions were employed for calculating pressures of the 
area. The ~librations of this barometer are by Ghent (1976), 
n and Hase1tob {1981), Perchuk et al. (1981), and Chipera 
i Tt«l variations of the Ghent calibration were used. one 
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Fig. Temperature c0 c) plot which shows relatively higher 
equilibrati n temperatures occurring central to the field area 
(Perchuk Lavrent'eva calibration). The northern and southern 
700°c !sot rms are drawn between outcrops MB2 and MB3 and through 
outcrop MB12 respectively (see appendix A). Temperature estimates 
on two or ree samples have been done for some outcrops. 
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Fig. 25A+ Water activity plot for pelite assemblages 
text for detafls). 
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variation utilized the anorthite activity model of Orville (1972) and 
the other of Newton et al. (1980) and Newton (1983). Only pelite 
assemblages contained the appropriate phases for the calculations. 
The garnet-plagioclase-orthopyroxene-quartz barometer by Newton and 
Perkins (1982) was also employed. Only one sample, an orthopyroxene-
bearing wacke, had the appropriate assemblage for pressure calculations. 
All barometers used in this study require independently determined 
temperatures for pressure calculations. Table 2 lists pressures 
determined from each barometer using Perchuk-Lavrent'eva temperature 
values which have been averaged with respect to field position. All 
geobarometers yield reasonable results. As with temperatures, 
descretion must be used in interpreting pressure values for individual 
samples because of the imprecision associated with each barometer. 
Pressure estimates for individual samples should be inferred on the 
basis of regional trends. 
A minimwn pressure should be 3.5 kilobars since reaction (1} 
intersects the granite minimwn reaction at this pressure (fig. 24}. 
According to Winkler (1979), anatexis in metasediments via reaction (1) 
takes place only when PJ{2o is greater than about 3.5 kilobars. Pressure 
values less than this are probably too low. Pressures for the study 
area are considered to be roughly between 3,5 and 6.0 kilobars. 
Water Activity 
In the case of gradual sediment burial and progressive 
metamorphism, sediments are generally assumed to be H20 saturated 
(Korsman, 1977}. During anatexis, available H~ will be absorbed and 
TABLE 2 
PRESSURES (kb) OBTAINED FROM GEOBAROMETERS USED IN THIS STUDY 
PERCHUK 
GHENT1 GHENT2 
NEWTON PODLESSKII NEWTON 
SAMPLE TEMPERATURE HASELTON ARANOVICH CHIPERA PERKINS 
W-lA 690 4.3 3.7 3.9 3.7 3.8 
W-2B 690 4.8 4.4 4.6 3.9 4.6 
W-6B 670 4.2 3.5 3.6 3.6 3.4 
W-9Al 690 4.7 4.2 4.5 4.4 4.5 
W-lOA 670 4.3 3.9 4.0 3.0 3.5 
W-llB 670 3.5 3.0 3.3 2.4 3.0 00 
"' W-11D 670 4.6 4.3 4.4 3.3 4.1 
W-13B 690 4.8 4.4 4.6 4.1 4.7 
CL-lB 690 4.4 4.0 4.2 3.6 4.3 
CL-2A 690 4.5 3.9 4.3 4.3 4.7 
MB-lB 680 4.6 4.1 4.3 4.1 4.6 
MB-2B 680 4.5 4.0 4.2 3.8 3.5 
MB-3A 730 4.9 4.7 5.0 4.6 5.1 
MB-SB 730 5.3 s.o 5.3 5.2 5.6 
MB-BA 5.8 
MB-BC 730 5.5 5.0 5.3 5.6 5.7 
MB-9C 730 4.7 4.5 4.9 4.7 6.2 
MB-llA 730 5.1 4.8 5.1 4.9 5.0 
1
utilizes ideal mixing model of anorthite (Orville, 1972) 
2
utilizes non-ideal mixing model of anorthite (Newton, et. al., 1980) 
I 
I 
I 
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dissolved in the newly formed liquid (Lundgren, 1966; Arzi, 1978; 
Winkler, 1979; Thompson, 1982). For these reasons initial melts of 
progressively metamorphosed sediments should generally be considered 
water-saturated (Brown and Fyfe, 1970). 
If this reasoning is applied to English River metasediments then 
one could assume that the initial melting reaction (1) took place at 
conditions of PH2o = PTotal (H20 activity equaled 1.0) As a result of 
melting, available H,!<) was absorbed into the melt, decreasing the amount 
of free H20 in the meta.sediment and lowering PH2o {Pa2o less than 
PTotal>· Further melting by reaction (2) took place at conditions of 
PH2o less than P?otal and further reduced aa2o in the meta.sediment. 
Figure 2~ depicts vapor present and vapor absent univariant lines of 
reaction (2). The actual position of the reaction line for the rocks of 
interest must lie somewhere between the two. 
A regional trend in aH2o can be shown for the study area which is 
consistent with the arguments discussed above. Water activities were 
calculated using the method of Phillips (1980). The resulting water 
activities are plotted in figure 25A. Temperatures used in the 
calculations are those derived from the Perchuk and Lavrent'eva 
thermometer. The temperatures were averaged with respect to field 
position and rounded to the nearest 10 degrees. Pressures are rough 
averages obtained from all barometers used on a particular sample which 
were further averaged with respect to field position and rounded to the 
nearest 1/2 kilobar. Data for each pelite sample used in aH2o 
calculations is given in table 3. 
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TABLE 3 
WATER ACTIVITY VALUES AND CALCULATION VARIABLES 
SAMPLE Pkb T°C a' b' aH,!() 
-----------------------------------------------
W-1A 4.0 690 -26.3 0.0994 0.90 
W-2B 4.0 690 -26.3 0.0994 0.11 
W-6B 4.0 670 -26.3 0.0994 0.51 
W-9A1 4.0 690 -26,3 0.0994 0.76 
W-10A 4.0 670 -26.3 0.0994 0.52 
W-11B 4.0 670 -26.3 0.0994 0.58 
W-11D 4.0 670 -26.3 0.0994 0.60 
w.,.13a 4.0 690 -26.3 0.0994 0.98 
CL-1B 4.0 690 -26.3 0,0994 0.83 
CL-2A 4.0 690 -26.3 0.0994 0.93 
MB-1B 4.0 680 -26.3 0.0994 0.74 
MB-2B 4.0 680 -26.3 0.0994 0.65 
MB-3A s.o 130 -24.6 0.1000 0.52 
MB-SB s.o 730 -24.6 0.1000 0.61 
MB-8C s.s 130 -24,35 o. 1010 0.32 
MB-9C s.o 130 -24.6 0.1000 0.61 
MB-11A s.o 130 -24.6 0.1000 0.65 
The equilibrium expression used for calculations 
is that of Phillips' (1980) reaction (2). 
a• and b' are values taken from table A.4 in 
Powell ( 1978 ) • 
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In figure 25A, samples south of the reaction (2} isograd have H20 
activity values ranging from 0,3 to 0.7. Those samples that occur north 
of the isograd have H~ activity values of 0.5 to 1.0. The lower values 
within the region of a second generation of melt production are 
consistent with the arglllllent that lower water activities of 
metasediments should be associated with increased melt generation, free 
H~ being absorbed by the melt. sample MB-8C, which has the lowest aH2o 
value, occurs at one of the two granulite outcrops (MB7 and MB8). 
Although the orthopyroxene is contained in a wacke assemblage at outcrop 
MB8, low aa2o of the pelite at this locality may be indicative of the 
outcrop as a whole. Drier conditions are consistent with biotite 
instability and consequent dehydration to form orthopyroxene (reactions 
3 and 4). 
There is a possibility that the water activity trend of figure 25A 
is not real. Water activity values are strongly dependent on pressures 
and temperatures used in the calculations. Small changes in pressure 
and temperature values, which may fall within limits of imprecision for 
a barometer or thermometer, significantly affect values for water 
activity. Assuming all other parameters constant, increased 
temperatures and pressures yield increased and decreased water 
activities respectively. If, for example, pressures were constant 
across the area, there would be no water activity trend. Inverse 
reasoning, however, may indicate that since a water activity trend for 
the region is expected, pressures and temperatures used in the water 
activity calculations should conform to the expected trend. 
I 
CONCLUSIONS 
The grade, temperatures, pressures, and water activities of the 
metamorphism which has affected the meta.sediments of the field area 
within the English River subprovince have been determined. An increase 
in metamorphic grade exists from the Uchi-English River boundary 
southward; this conclusion is consistent with other research conducted 
in the English River subprovince (Thurston and Breaks, 1978; Breaks et 
al., 1978; Chipera et al., 1984). Isograds were mapped for pelitic 
meta.sediments which divided the field area into three regions: 1) an 
area of medium-grade, muscovite-bearing, pelitic schists in the north 
near the English River subprovince border; 2) an area of high-grade 
pelites containing stable sillimanite immediately south of the medium-
grade schists; 3) an area of high-grade pelites containing metastable 
sillimanite or no sillimanite at all in the middle and southern portions 
of the field area. Application of geothermometers indicates the 
existence of a thermal anticline near the middle of the field area 
consistent with a southerly increase in metamorphic grade. A decrease 
in H~ activity values from north to south can be demonstrated but the 
trend may not be real due to the inaccuracy of the H~ activity model 
used. Orthopyroxene-bearing wackes (granulites) occur in the region of 
highest temperatures, lowest H~ activities, and highest metamorphic 
grade south of the sillimanite-out isograd. P-T-aa2o estimates imply 
conditions of upper amphibolite and granulite metamorphic facies 
(Winkler, 1979; Ehlers and Blatt, 1982}. 
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Isograds represent melt-generating reactions which justify the 
existence of isolated, light-colored, coarse-grained material within 
pelites referred to as anatectite. Unlike the pelite host, anatectite 
contains K-feldspar which has formed upon incongruent melting of 
muscovite or biotite during a melt-generating reaction. _Although no 
isograds were mapped for wacke metasediments due to the lack of key 
indicator minerals, melting reactions also justify the existence of 
anatectite within these rocks. 
Phase equilibria studies of all melting reactions proposed for 
pelites and wackes indicate that continuous banded leucosome material 
has been introduced into the metasediments by magmatic injection. 
Structural observations on banded leucosomes also lend support to an 
injection origin. In rare occurrences, thin, discontinuous leucosome 
layers fit structural, mineral, and chemical criteria for formation by 
either a metamorphic segregation process or by in situ anatexis with 
consequent compressing of the anatectite into thin, discontinuous 
layers. 
It is concluded from occurrences of refractory paragneiss 
xenocrysts (garnet, cordierite, sillimanite, and biotite) and xenoliths 
in the injected, migmatizing leucosomes, that the injected magma was 
derived from the metasedimentary pile at greater depths where more 
complete fusion took place. Magmas rose and intruded metasedimentary 
host rocks forming the conspicuous banded migmatites seen in the English 
River subprovince. 
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APPENDIX A 
OUTCROP LOCALITY MAPS 
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Fig. 26. Hap of outcrops outside the enlarged region of 
figure 26A • 
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Fig. 26A. Map of outcrops (enlarged) within the heavy 
bordered region of figure 26 • 
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MAP COORDINATES OF OUTCROP LOCALITIES USING THE TEN 
THOUSAND METER UNIVERSAL TRANSVERSE MERCATOR GRID SYSTEM 
ZONE 15 
SERIES A501 
MAP 52K 
EDITION 6 
RL18 VG7131 CL3 VG9819 
Wl VG8813 CL4 VG9819 
W2 VG9214 CL5 VG9819 
W3 VG9315 MBl VG9715 
W4 VG9415 MB2 VG9814 
WS VG9515 MB3 VG9913 
W6 VG9515 MBS WG0313 
W7 VG9615 MB6 WG0412 
W8 VG9716 MB7 WG0307 
W9 VG9817 MB8 WG0307 
WlO VG9918 MB9 WG0306 
Wll VG9919 MBll WGOSOS 
Wl2 VG9919 MB12 WG0604 
Wl3 WG0119 MB13 WG1102 
Wl4 WG0521 MB14 WGllOl 
Wl6 WG0622 MB17 WG1504 
Wl7 WG0723 MB18 WG1605 
W29 WG2633 MB19 WGl 705 
W30 WG0623 MB20 WG1806 
W32 WG0624 MB21 WG2107 
CLI VG9919 MB22 WG2205 
CL2 VG9919 MB23 WG2204 
, 
APPENDIX B 
MINERALOGY OF THIN-SECTIONED SAMPLES 
I 
103 
EXPLANATION OF ABBREVIATIONS 
USED IN APPENDIX B 
----------------------------
APAT = APATITE 
BIOT = BIOTITE 
CHLR = CIILORITE 
CORD = CORDIERITE 
GARN = GARNET 
HBLD = HORNBLENDE 
ICFSP = IC-FELDSPAR 
MUSC = MUSCOVITE 
HYRM = MYRMEXITE 
OPX = ORTHOPYROXENE 
PLAG = PLAGIOCLASE 
PYRT = PYRITE 
QTZ = QUARTZ 
SILL = SILLIMANITE 
TOUR = TOURMALINE 
ZIRC = ZIRCON 
X: PRIMARY ORIGIN 
2: SECONDARY ORIGIN 
*: SAMPLE COHTANS 
LEUCOSOME VEIN 
MATERIAL INCLUDED 
IN MINERALOGY 
104 
TABLE 4 
MINERALOGY OF THIN-SECTIONED SAMPLES 
p K B H H G s C A p z C T H 
Q L F I u B 0 A I 0 p I I H 0 I 
T A s 0 s L p R L R A R R L u R 
LITHOLOGY SAMPLE z G p T C D X H L D T T C R R H 
-----------------------------------------------------------------
PELITE • W-1A X X X X X X X 
LEUCOSOHE W-1B X X X X X 
WACKE* W-2A X X X 2 X 
PELITE W-2B X X X X X X X 2 X X X 
LEUCOSOHE W-2C X X X X X 
WAC-PEL W-3A X X X X X X 
LEUCOSOHE W-3B X X X X X 2 
PELITE W-3C X X X X X X 2 X 
WACKE W-3E X X X X X 2 X 
WACKE W-4A X X X X X 2 X 
LEUCOSOHE W-4B X X X X 
WACKE* W-5A X X X X 2 2 X X 
LEUCOSOHE W-5B X X X X 2 X 
LEUCOSOHE W-6A X X X X X X X X 
PELITE W-6B X X X X X X 2 X 
WACKE W-6C X X X X 
WACKE W-7A X X X X 2 X 
PELITE * W-7B X X X 2 X X X 2 X 
LEUCOSOHE W-7C X X X X 
LEUCOSOHE W-8A X X X X X X 
WACKE* W-8B X X X X X 2 X 
PELITE W-9A1 X X X X X X X X 2 X X 
WACKE* W-9A2 X X X X X 2 X 
LEUCOSOHE W-9B X X X 
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TABLE 4 (continued) 
p K B H H G s C A p z C T H 
Q L F I u B 0 A I 0 p y I H 0 y 
T A s 0 s L p fl L fl A fl fl L u fl LITHOLOGY SAMPLE z G p T C D X N L D T T C fl fl H 
-----------------------------------------------------------------
PELITE W-10A X X X X 2 X X X X X 
WACKE W-108 X X X X 2 X 
LEUCOSOHE W-10C X X X X X X X X 
LEUCOSOHE W-11A X X X X X X 
PELITE W-118 X X X X X X X X X 
WACS:E W-1 lC X X X X 2 
PELITE W-11D X X X X X X X 2 X X 
WACKE W-12A X X X 2 X X X 2 
LEUCOSOHE W-12A X X X X X 2 
LEUCOSOHE W-13A X X X X 2 X 
PELITE W-13B X X X X X X X 2 X X 
WACS:E W-13C X X X X 2 X 
WACKE W-l~A X X X 2 X 
WACKE W-111B X X X 2 2 X 
LEUCOSOHE W-1~C X X X X X 
LEUCOSOHE W-15A X X X 
WACKE W-16A X X X 2 X X 2 X 2 
LEUCOSOHE ll-168 X X X X X 
LEUCOSOME W-17A X X X 2 X 
WACKE W-178 X X X 2 X 
WACKE W-29A X X X 2 X 
WACKE" W-30A X X X X 2 X 
LEUCOSOHE W-30B X X X 2 X 
LEUCOSOHE W-31A X X X 
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TABLE 4 (continued) 
p JC B H H G s C A p z C T H 
Q L F I u B 0 A I 0 p y I H 0 y 
T A s 0 s L p R L R A R R L u R 
LITHOLOGY SAMPLE z G p T C D X H L D T T C R R H 
-----------------------------------------------------------------
WACKE W-32A X X X X X 2 X X 
LEUCOSOHE W-32B X X X X 2 X 
WACJCE W-32B X X X X X 2 X X 
LEUCOSOHE CL-1A X X X X X 
PELITE CL-1B X X X X X X X 2 X X 
WACKE CL-1B X X X X 2 
PELITE CL-2A X X X X l[ X X 2 X l[ 
LEIJCOSOHE CL-2B l[ X X X X X 
WACJCE CL-2C l[ X X X X 
WACKE CL-3A X l[ l[ 2 X 
LEUCOSOHE CL-4A X X X l[ 2 
WACKE CL-4B X l[ X 2 2 l[ 
WACKE CL-SA X X X X X 
LEUCOSOHE CL-SB X X X X X X X 
WACKE CL-9A X X X 2 X 2 X 
LEUCOSOHE CL-9B l[ X X X 
LEUCOSOHE IIB-1A X X X X X 
PELITE IIB-1B X l[ X X 2 X X X X 
WACKE * IIB-1C X l[ X 2 X 2 
WACKE IIB-2A X X X X 2 X 
PELITE IIB-2B X X X X 2 X X X 2 X 
PELITE HB-3A X X X X 2 X X X 2 X 
LEUCOSOHE HB-4A X X X X X X 2 X 
LEUCOSOHE IIB-5A X l[ X 2 
, 
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TABLE 4 (continued) 
p K B H H G s C A p z C T H 
Q L F I u B 0 A I 0 p y I H 0 y 
T A s 0 s L p R L R A R R L u R 
LITHOLOGY SAMPLE z G p T C D X If L D T T C R R H 
-----------------------------------------------------------------
PELITE HB-5B X X X X X X X 2 X X 
LEUCOSOHE HB-5C X X X X X X X 
WACKE HB-6A X X X X 2 X 
WACKE HB-7A X X X X 2 X 
WACKE HB-8A X X X X I 2 X 
LEUCOSOHE HB-8B X X X X 
PELITE HB-8C X X X X X X X X X 
WACKE HB-9A X X X X 2 X 
LEUCOSOHE HB-9B X X X X 
PELITE HB-9C X X X X X X 2 X 
LEUCOSOHE MB-TOA X X X 
PELITE HB-11A X X X X X X X 2 X X 
LEUCOSOHE HB-11B X X X X X 
WACKE II MB-11C X X X 2 X X 2 X 2 
WACKE II l!B-11D X X X X 2 X 
WACKE HB-12A X X 2 X 2 2 
LEUCOSOHE HB-12B X X X 2 X 
PELITE HB-13A X X X X 2 X 2 X 
WACKE MB-TIIA X X X X X 2 X 
WACKE HB-14B X X X X 2 X 
' LEUCOSOHE HB-15A X X X X X I LEUCOSOHE HB-16A X X X X X 
1 WACKE HB-17A X X X 2 X 
-, 
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TABLE 4 (continued) 
p K B M H G s C A p z C T M 
Q L F I u B 0 A I 0 p y I H 0 y 
T A s 0 s L p R L R A R R L u R 
LITHOLOGY SAMPLE z G p T C D X II L D T T C R R M 
-----------------------------------------------------------------
LEUCOSOMB MB-18A X X X X X X X 
IIAClCE II MB-188 X X X X 2 X 
WACKE MB-19A X X X X X 
WACKE HB-208 X X X 2 X 2 X 2 
WACXE MB-20C X X X X 2 X 2 
LEUCOSOME MB-20E X X X X X 2 X 
LEUCOSOME HB-21A X X X X X 2 
WACKE II MB-21B X X X X 2 2 X 2 
WACKE II HB-21C X X X 2 X 2 
WACKE • MB-22A X X X 2 X 
LEUCOSOME MB-228 X X X X X 
WACKE HB-23A X X X X 
PELITE RL-18A X X X X 2 2 
WACKE • EFD-1 X X X 2 
WACKE• EFD-2 X X X 2 X 
WACKE* EFD-3 X X X X 2 
llACICE • EFD-l! X X X X X X 
WACKE* EFD-5 X X X X 2 X 
WACKE* EFD-6 X X X X 2 X 
WACKE• EFD-7 X X X X X 2 X 2 
WACKE • EFD-8 X X X X 
WACKE • EFD-9 X X X X X X 
WACKE• EFD-10 X X X X 
WACKE II GP-1 X X X 2 X 2 
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TABLE 4 (continued) 
p K 9 M H G s C A p z C T M 
Q L F I u ll 0 A I 0 p y I H 0 y 
T A s 0 s L p R L R A R R L u R 
LITHOLOGY SAMPLE z G p T C D X II L D T T C R R M 
-----------------------------------------------------------------
PELITE * VA X X X X X X X 2 X X 
WACKE• VB X X X X X 2 X 
PELITE • vc X X X X X X X 2 X 
PELITE * WA X X X X X X X 2 X 
PELITE * Ill! X X X X X X 2 X 
PELITE • WC X X X X X X 2 X 
PELITE * WD X X X X X X X 2 X 
PELITE * WE X X X X X X X 2 X 2 
WACKE• RF-24 X X X X 2 
WACKE• CH-1l!A X' X X X 
PELITE • VH-35A X X X X X X 2 X 
I 
I PELITE • VM-35B 
X X X X X X X 2 X 2 
I 
-! 
APPENDIX C 
CHEMISTRY OF SELECTED MINERALS 
I 
j 
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Chemical data of selected phases were obtained using a JOEL 35C 
scanning electron microscope equipped with a Li-drifted silicon 
detector. Standard operating conditions were 15 Kev and 1000 picoamps 
beam current with counting times of 50 seconds. Energy dispersive 
spectra were processed by a Tracor Northern TN2000 operating system and 
corrected using a Bence-Albee correction program. Natural garnets, 
biotites, pyroxenes, and feldspars were used as standards. Repeated 
analyses of a selected area of a mineral indicate precision of! 2j of 
the amount present for most oxides. Counting times of 120 seconds, not 
including dead time, improved these statistics only slightly over 
analyses run at 50 seconds. 
Woodsworth (1977), Hollister (1977), and Tracy et. al. (1976) state 
that it is colllllon for garnets, cordierites, and matrix biotites to be 
homogeneous in high grade rocks. Rocks of this study were found to be 
no different. All phases were analyzed to be homogeneous for a random 
number of saJBples. The exceptions were occasional plagioclase grains 
within leucosome veins which showed a slight albite enrichment at the 
grain's rim (page??) and also garnets and biotites in contact with each 
other which showed chemical zonations at the rim.s along the contacts. 
Only phases within metasedimentary material were used in pressure, 
temperature, and water activity calculations. Although homogeneity of 
the phases analyzed was assumed, mineral cores of all analyzed phases 
except plagioclase were probed as an added precaution against 
retrogression effects. Usually four to five grains of a mineral were 
analyzed and then averaged to obtain a representative sample analysis 
for the phase of interest. 
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In the following pages each table is divided into three parts. The 
upper category depicts oxide weight percentages and each sample's 
respective total. The second category depicts the number of moles of 
each ion normalized to a particular cation value consistent with the 
general formula for that phase. The value of the oxygen in this section 
was determined by charge balancing the mineral's cations. This oxygen 
value should ideally be an integral number equaling the number of 
negative oxygen charges in the mineral's formula. The amount of 
deviation from the integral value indicates the accuracy of the 
analysis. In all cases, deviation is small enough. to warrant good 
chemical analyses. In the case of biotite all molar values are charge 
balanced and.no value of oxygen is given. Instead, a total is given of 
biotite's molar values. It can be seen that there must be site 
vacancies in the structure since the total nWllber of lllOles is 
significantly less th.an the eight cations consistent with biotite's 
general formula. These vacancies appear to occur in the octahedral and 
interlayer cation sites. The lower section lists mole fractions of 
various elements within the phase. 
I J I 
l 
j 
I 
l 
I 
! 
I 
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GARNET 
Kolar values are normalized to eight cations. All iron is assumed 
divalent. The following symbols are used in this section: 
Xca = Mole Fraction Grossular 
XFe = Mole Fraction Almandine 
XKg = Mole Fraction Pyrope 
X!fn = Kole Fraction Spessartine 
T 
' 
I 
I 
J 
1 
I 
1 
I 
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TABLE 5 
GARNET CHEMISTRIES 
OXIDE/ION W-lA W-2B W-3A W-3E W-4A W-6B W-7A 
------------------------------------------------------------------------
Si02 
T102 
Al203 
eao 
FeO 
MgO 
MnO 
TOTAL 
Si 
T1 
Al 
Ca 
Fe 
Mg 
Hn 
0 
37. 15 
0.00 
20.48 
0.80 
31.30 
4.45 
3.64 
97.82 
3.305 
0.000 
1.968 
0.070 
2. 131 
0.545 
0.251 
12.019 
0.023 
0,711 
0.182 
0.084 
37. 17 
o.oo 
20.48 
0.76 
32.29 
4.88 
1.85 
97,43 
3,308 
0.000 
1.970 
0.067 
2. 120 
0.598 
0. 128 
12.023 
0.022 
0.735 
0.200 
0.043 
37.57 
0.06 
20.46 
0.95 
30.47 
5.51 
2.50 
97.52 
3.054 
0.004 
1.956 
0.083 
2.064 
0.672 
o. 172 
12.039 
0.028 
0,690 
0.225 
0.057 
38.15 
0.00 
21.20 
1.55 
28.40 
5.28 
4.66 
99.24 
3.030 
0.000 
1.954 
o. 119 
1.939 
0.649 
0.309 
12.007 
0.040 
o.643 
0.215 
o. 102 
36.99 
o.oo 
20.42 
1. 12 
29.95 
5.20 
3.28 
96.96 
3.028 
0.000 
1.966 
0.098 
2.043 
0.638 
0.227 
12.011 
0.033 
0.680 
0.212 
0.075 
36.88 
0.00 
20.52 
0.93 
32,69 
3,87 
2.42 
97.31 
3.038 
0.000 
1.989 
0.082 
2.244 
0.478 
0.169 
12.033 
0.028 
0.755 
o. 161 
0.057 
36,53 
0.00 
20.26 
3,04 
29.70 
4.02 
2. 18 
95.73 
3.036 
0.000 
1.981 
0.271 
2.057 
0.501 
0.153 
12.027 
0.091 
0.690 
o. 168 
0.051 
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TABLE 5 (continued) 
OXIDE/ION il-8B W-9A1 W-9A2 il-10A W-10B ll-11B 11-1 lC 
--~-·-------------------------------------~----------------·------------
Si02 
Ti02 
Al203 
CaO 
FeO 
MgO 
MnO 
TOTAL 
Si 
Ti 
Al 
Ca 
Fe 
Mg 
Mn 
a 
L 
31.10 
0.00 
20.47 
2.98 
28.20 
4.83 
3,85 
97.43 
3.011 
0.000 
1.958 
0.260 
1.911 
0.589 
0.265 
11.996 
0.086 
0.632 
o. 195 
a.oa1 
37 .95 
0.00 
21.30 
0.89 
32.09 
5. 71 
1.45 
99.39 
3.021 
a.aao 
1,995 
0.076 
2.129 
0.682 
0.098 
12.018 
0.025 
o. 713 
0.228 
0.033 
37.86 
0.00 
21.00 
0.83 
32.35 
5.11 
1.14 
98.29 
3.058 
0.000 
1.996 
0.072 
2. 178 
0.619 
0.078 
12.056 
0.02ll 
0.739 
0.210 
0.026 
36.26 
0.00 
20.36 
0.68 
32.00 
3.42 
3.53 
96.25 
3.031 
0.000 
2.002 
0.061 
2.229 
0.429 
0.249 
12.031 
0.021 
0.751 
a. 144 
O.o84 
35.83 
o.aa 
19.95 
0,69 
31.26 
2.95 
4. 77 
95,45 
3.032 
0.000 
1.986 
0.063 
2.204 
0.374 
0.341 
12,025 
0.021 
0.739 
0.126 
o. 114 
36.73 
o.oo 
20.51 
0.58 
32.53 
4. 16 
2.28 
96.79 
3.037 
o.oao 
1.995 
0.051 
2.241 
0.516 
0.159 
12.034 
0.017 
0.755 
0.174 
0.054 
36.88 
a.ca 
20.55 
0.69 
32.39 
4. 15 
2.96 
97.62 
3.026 
0.000 
1.983 
Q.061 
2.214 
o .511 
0.205 
12.017 
0.020 
0.740 
o. 111 
0.069 
·~ 
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TABLE 5 (continued) 
OXIDE/ION 11-1 ID 11-12A W-13B 11-13C W-30A W-32A W-32B 
------------------~-----------------·-----------------------------------
Si02 38.14 36.29 37,30 37.49 36.88 36.72 37 .34 
T102 0.02 o.oo o.oo o.oo o.oo 0.02 0.00 
Al203 20.84 19. 70 20.47 20.44 20.41 20.48 20.58 
eao 0.70 4.07 0.82 1.10 1.27 1.25 1.27 
FEO 34.00 29. 13 32.12 31.37 27.65 30.83 30.58 
MgO 4. 18 2.90 5.07 5. 17 3. 14 3.88 3.49 
HnO 2.15 1.75 1.09 1.86 8.48 3,35 3.71 
TOTAL 100.03 93.81! 97.47 97,43 97.83 96.53 96.97 
Si 3.057 3.091 3.043 3,055 3.036 3.0411 3.063 
T1 0.001 0.000 0.000 0.000 0.000 0.001 0.000 
l Al 1.965 1.974 1.965 1.959 1.977 1.998 1.986 Ca 0.060 0.371 0.072 0,096 0.112 0.111 0. 112 
Fe 2,271 2.068 2.225 2.130 1.897 2. 130 2.024 
Mg 0.503 0.371 0.621 0.632 0.388 0.483 0.429 
Hn o. 146 0.126 0.075 0.128 0,590 0,235 0.386 
j 0 12.041 12.078 12.026 12.034 12,025 12.046 12.056 
' I 
l Xea 0.020 0.127 0,024 0.032 0.038 0.038 0.038 
' 
Xf?e 0.762 0.704 0.744 0.713 0.635 0.720 o.686 
l XMg 0.169 0.126 0.207 0.212 0.130 0.163 0.146 
' l XMn 0.049 0.043 0.025 0.043 0.198 0.079 0. 131 
l 
I 
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TABLE 5 (continued) 
OXIDE/iOH CL-1B CL-2A CL-2C CL-5A MB-1B MB-2A MB-2B 
' I ------~-----------------------------------------------------------------Sl02 36.88 37 .14 37 .51 37.33 36.99 36.81 37.27 
' 
T102 o.oo o.oo o.oo 0.02 0.00 0.00 o.oo 
Al~3 20.25 20.26 20.74 20.61 20.44 20.40 20.66 
cao o.69 0.87 o.87 2.37 0.85 0.92 0.81 
FeO 32.04 31.32 31.60 29.34 30.84 29.79 31.97 
MgO 4.98 5.72 5.59 4. 17 4. 71 5.23 4.47 
MnO 1. 74 0.93 1.21 3,62 2.75 2.75 2.20 
TOTAL 96.58 96.24 97,52 97.46 96.58 95,90 97 ,38 
Si 3.039 3.051 3 .044 3.051 3.050 3,043 3.053 
Tl 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Al 1.963 1.958 1.980 1,982 1,983 1,984 1.991 
ca 0.061 0.077 0.076 0.208 0.075 0.082 0.071 
Fe 2.200 2.144 2. 137 1.998 2. 119 2.052 2. 183 
Mg 0.616 0.705 o.680 0.511 0.583 0.648 0.549 
Mn o. 121 0.065 0.083 0.250 0.192 0.192 o. 152 
I 
l 0 12.021 12.030 12.034 12,044 12.041 12.034 12.049 
Xca 0.020 0.026 0.025 0.070 0.025 0.027 0.024 
XFe 0. 734 0.717 0.718 0.673 0.714 0.690 0.739 
XMg 0.205 0.236 0.229 0, 172 o. 196 0.218 0.186 
XMn 0.040 0.022 0.028 0.084 0.065 0.065 0.052 
l 
l 
l 
l 
l 
I 
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TABLE 5 (continued) 
OXIDE/ION HB-3A HB-5B HB-6A HB-8A HB-8C HB-9A HB-9C 
----------·------------------------------------~·----------~------------
S102 
Ti02 
Al2D3 
eao 
FeO 
HgO 
MnO 
TOTAL 
Si 
Ti 
Al 
Ca 
Fe 
Mg 
Mn 
0 
37.62 
0.00 
20.84 
0.78 
30.92 
5.96 
1.54 
97.66 
3.041 
0.000 
1.982 
0.068 
2.083 
0.723 
0.105 
12.031 
0.023 
0.699 
0.243 
0.035 
37 .51 
0.00 
20.78 
0.89 
30.84 
6.33 
1.08 
97.113 
3.031 
0.000 
1.975 
0.077 
2.076 
0.767 
0.074 
12.018 
0.026 
0.693 
0.256 
0.025 
37.32 
o.oo 
20.63 
1.07 
29.89 
6.38 
1.90 
97.19 
3.021 
0.000 
1.965 
0.093 
2.016 
0.775 
0.130 
12.004 
0.031 
0.669 
0.257 
0.043 
37.87 
0.03 
20.63 
1.69 
28.02 
6.55 
2.76 
97.55 
3.046 
0.002 
1.952 
o. 146 
1.878 
o. 790 
0.188 
12.026 
0.049 
0.626 
0.263 
0.063 
36.96 
o.oo 
20.45 
1.09 
30.62 
5.86 
0.73 
95.71 
3.045 
0.000 
1.982 
0.096 
2. 102 
0.724 
0.051 
12.036 
0.032 
0.707 
0.244 
0.017 
38.09 
0.00 
21. 11 
0.97 
29.39 
7.28 
1.52 
98,36 
3.027 
0.000 
1. 974 
0.083 
1.947 
0.868 
o. 102 
12.014 
0.028 
0,649 
0.289 
0.0311 
37.70 
o.oo 
21.06 
0.72 
29.53 
7. 16 
1.32 
97.49 
3.025 
0.000 
1.988 
0.062 
1.9711 
o.862 
0.090 
12.019 
0.021 
0.661 
0.288 
0.030 
l 
I 
I 
l 
I 
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TABLE 5 (continued) 
OXIDE/ION HB-11A MB-11C MB-110 HB-12A HB-14A MB-14B MB-18B 
-----------------------------------------------------------------~------
S102 
T102 
Al2')3 
eao 
FeO 
HgO 
HnO 
TOTAL 
Si 
Ti 
Al 
Ca 
Fe 
Hg 
Mn 
0 
38.25 
0.02 
21.09 
0.84 
31.21 
6.38 
0.96 
98.75 
3.0119 
0.001 
1.978 
0.072 
2.073 
0.763 
0.065 
12.041 
0.024 
0.697 
0.257 
0.022 
36.97 
o.oo 
20.32 
1.16 
29.69 
6.54 
1.07 
95.75 
3.031 
0.000 
1.960 
0.102 
2.029 
0 .8011 
0.0711 
12.011 
0.034 
o.674 
0.267 
0.025 
36.63 
0.02 
20.13 
1.45 
28.02 
6.82 
1.21 
94.28 
3.038 
0.001 
1.964 
o. 129 
1.936 
0.8118 
0.085 
12.022 
0.043 
0.646 
0.283 
0.028 
37-76 
o.oo 
20.98 
0.92 
29.65 
6.93 
1.24 
97.48 
3.034 
0.000 
1.983 
0.079 
1.985 
0.835 
0.081! 
12.025 
0.027 
o.665 
0.280 
0.028 
38.09 
o.oo 
21.08 
0.94 
30.11 
1.34 
1.21 
98.77 
3.016 
0.000 
1.964 
0.080 
1.987 
0.872 
0.081 
11.998 
0.026 
0.658 
0.289 
0.027 
38. 11 
0.00 
20.70 
0.88 
29.89 
6.89 
1.31 
97-78 
3.056 
0.000 
1.953 
0.076 
1.998 
0.829 
0.089 
12.033 
0.025 
0.668 
0.277 
0.030 
36.96 
0.02 
20.27 
0.82 
29.95 
5.61 
2.22 
95.85 
3.050 
0.001 
1.968 
0.073 
2.060 
0.695 
0.155 
12.037 
0.0211 
0.691 
0.233 
0.052 
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BIOTITE 
All molar values a.re charge balanced (normalized to 22 anion 
charges). All iron is a.s.sllllled divalent. The following symbols are used 
in this section: 
IFe = Mole Fraction Annite 
XMg = Mole Fraction Phlogopite 
,. IP . .!, 
I 
l 
I 
l 
I 
' I 
l 
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TABLE 6 
BIOTITE CHEMISTRIES 
OXIDE/ION W-1A W-2B W-3A W-3E 11-4A W-6B W-7A 
-------------------------------------------------------~----------------
Si02 
T102 
AL203 
eao 
FeO 
MgO 
HnO 
Na20 
K~ 
TOTAL 
Si 
Ti 
ulV 
uVI 
Ca 
Fe 
Kg 
Kn 
Na 
K 
TOTAL 
35.64 
2.58 
19.311 
0.06 
17 .88 
8.99 
0.09 
o.oo 
8.54 
93, 12 
2.737 
o. 1119 
1.263 
0.11811 
0.005 
1. 144 
1 .036 
0,006 
0.000 
0.837 
7.660 
0.1106 
0.367 
36.65 
3.19 
19.87 
0.05 
17,77 
9. 19 
0.03 
0.00 
8,54 
95.29 
2,737 
o. 179 
1.263 
0.1183 
0.004 
1.106 
1 .030 
0.002 
0.000 
0.8111 
7.618 
0.395 
0.368 
36.70 
2.02 
19,39 
0.06 
16.94 
11.16 
0.03 
o.oo 
8.73 
95,03 
2,743 
o. 113 
1.257 
0,1148 
0.005 
1.055 
1.251 
0.002 
0.000 
0.833 
7,708 
37.44 
1, 70 
18.12 
0.03 
15.81 
12.12 
0.10 
o.oo 
8.55 
93.87 
2.8111 
0.096 
1.186 
0.1111 
0.002 
0.990 
1 .367 
0.006 
0.000 
0.821 
7.699 
0.31111 
0.475 
35,87 
2.48 
18,711 
0,09 
16.49 
10,89 
0.10 
0.08 
8.42 
93. 16 
2,736 
o. 1112 
1.264 
0.1117 
0.007 
1.048 
1 .2116 
0.006 
0.012 
0,820 
7,698 
0.367 
0.436 
35,90 
2,53 
19,53 
0,07 
18,59 
9,00 
0.06 
o. 111 
8.48 
94.30 
2,729 
o. 11111 
1.271 
o.475 
0.006 
1.178 
1.026 
O.OOil 
0.021 
0.823 
7,676 
0.1117 
0.363 
35.92 
2.97 
16.96 
o. 11 
18.30 
10. 19 
0.08 
0.10 
8.02 
92.65 
2,779 
0.172 
1.221 
0.323 
0.009 
1.180 
1. 183 
0.005 
0.015 
0,792 
7.680 
0.1112 
0.1113 
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TABLE 6 (continued) 
OXIDE/ION li-88 li-9A1 li-9A2 li-10A li-108 11-118 li-11C 
' I ------------------------------------------------------------------------S102 
I Ti~ Al203 I 
I cao 
l FeO MgO 
j MnO 
I Na.20 K,?<) 
TOTAL 
l Si Ti 
l AlIV 
I AlVI ca 
Fe 
Mg 
Mn j Na 
K 
TOTAL 
j XFe 
! XMg 
I 
I 
-',,,!-
37.41 
2.82 
17.14 
0.08 
17,30 
11.41 
0.08 
0.01 
8.28 
94.53 
2.812 
0.159 
1. 188 
0.327 
0.006 
1.084 
1.286 
0.005 
0.015 
0.7911 
7.676 
0,379 
0.450 
31.00 
2.92 
20.20 
0.01 
18.14 
9.39 
0.05 
o.oo 
8.87 
96.64 
2.131 
0.162 
1.269 
o.486 
0.006 
1.116 
1.040 
0.003 
0.000 
0.836 
7.648 
0.398 
0.371 
36.88 
2.55 
19.84 
0.05 
17,77 
9.49 
o.oo 
o.oo 
8.68 
95.26 
2.755 
0.143 
1.245 
0.1199 
0.004 
1.106 
1.064 
0.000 
0.000 
0.828 
7.644 
0.393 
0,378 
35-56 
1.91 
20.28 
0.06 
18.28 
8.70 
0.05 
0.10 
8.48 
93.42 
2.723 
0.110 
1.277 
0.549 
0.005 
1. 166 
0.999 
0.003 
0.015 
0.829 
7,676 
0.412 
0.353 
35.27 
2.11 
19.68 
0.06 
19.07 
8.33 
0.01 
o.oo 
8.56 
93. 15 
2.724 
0.122 
1.276 
0.513 
0.005 
1.228 
0.965 
0.005 
0.000 
0.8411 
7,681 
0.433 
0,341 
35.94 
2,45 
20.21 
0.04 
18. 18 
8.67 
0.011 
o.oo 
8.75 
911.28 
2.726 
o. 139 
1.274 
0.529 
0.003 
1. 149 
0.986 
0.003 
0.000 
o.847 
1.657 
0.409 
0.351 
36.52 
2.20 
20.20 
0.06 
18.23 
9.34 
0.01 
o.oo 
8.79 
95.35 · 
2.735 
o. 124 
1.265 
0.515 
0.005 
1. 138 
1.049 
0.001 
0.000 
o.84o 
7,672 
0.403 
0.371 
I 
j 
i 
I 
I 
I j 
' 
i: 
:1 
i 
' ' 
J 
I 
123 
TABLE 6 (continued) 
OXIDE/ION W-11D W-12A 11-138 W-13C W-30A 11-32A 11-32B 
------------------------------------------------------------------------
Si~ 
Ti02 
Al~3 
eao 
FeO 
MgO 
MnO 
Na20 
K20 
TOTAL 
Si 
Ti 
AlIV 
AlVI 
Ca 
Fe 
Hg 
Mn 
Na 
K 
TOTAL 
36.09 
2.115 
19.911 
0.011 
18.45 
8.611 
o.oo 
o.oo 
8.67 
911.28 
2.739 
o. 139 
1.261 
0.519 
0.003 
1.167 
0.984 
0.000 
0.000 
0.840 
7.652 
0.1115 
0.350 
35-58 
1.63 
15.82 
O.OJI 
20.70 
9.62 
0.07 
o.oo 
7.85 
91.31 
2.830 
0.097 
1.170 
0.310 
0.003 
1.372 
1.148 
0.005 
0.000 
0.797 
1.132 
o.468 
0.392 
35.98 
3.06 
18.67 
0.05 
17.72 
9.50 
o.oo 
0.06 
8.81 
93.85 
2.7411 
0.175 
1.256 
0.419 
o.OOll 
1. 126 
1.087 
0.000 
0.009 
0.858 
7.677 
o.401 
0.387 
36.72 
3.02 
18.55 
0.07 
17 .17 
10.52 
0.03 
o.oo 
8,75 
911.83 
2.758 
0.170 
1.242 
0.396 
0.006 
1.075 
1.185 
0.002 
0.000 
0.839 
7.672 
0.380 
0.419 
36.86 
2. 15 
18.59 
0.03 
17.32 
10.35 
0.13 
o.oo 
8.84 
94.27 
2.787 
0.122 
1.213 
o.440 
0.002 
1.091 
1.174 
0.008 
0.000 
o.853 
7,691 
0.385 
0.414 
35.87 
1.95 
19.35 
0.06 
18. 10 
9.72 
0.07 
0.03 
8. 12 
93.27 
2.744 
0.112 
1.256 
o.485 
0.005 
1.154 
1.115 
0.005 
0.004 
0,793 
7.673 
0.402 
0.389 
36.62 
1.88 
20.50 
0.03 
17.911 
9.28 
0.04 
0,05 
8.90 
95.24 
2.7112 
0.106 
1.258 
0.548 
0.002 
1.120 
1.042 
0.003 
0.007 
0.851 
7.678 
0.397 
0.370 
, 
. 
I 
I 
i 
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TABLE 6 (continued) 
OXIDE/ION CL-1B CL-2A CL-2C CL-5A IIB-1B MB-2A M8-2B 
------------------------------------------------------------------------
Si02 
Ti02 
Al~3 
CaO 
FeO 
MgO 
HnO 
Ha20 
K20 
TOTAL 
Si 
Ti 
Al!V 
AlVI 
Ca 
Fe 
Mg 
Hn 
lfa 
K 
TOTAL 
36.20 
2.49 
19.45 
0.05 
18.27 
9.47 
0.01 
o.oo 
8.56 
94.50 
2.738 
0.141 
1.262 
0.1169 
0.004 
1.152 
1.075 
0.001 
0.000 
0.821 
7.668 
o.406 
0.379 
35.87 
2.94 
18.90 
0.03 
17.76 
9.35 
0.05 
o.oo 
8.52 
93.112 
2.743 
o. 169 
1.257 
0.444 
0.003 
1.132 
1.073 
0.003 
0.000 
0.832 
7.654 
o.401 
0.380 
36.55 
3.35 
18.511 
0.04 
17.09 
10.23 
0.05 
o.oo 
8.73 
94.58 
2.752 
0.189 
1. 248 
0.395 
0.003 
1.072 
1.072 
0.003 
0.000 
0.839 
7.657 
0.381 
0.1111 
37.64 
1.95 
17.91 
0.05 
17.211 
11.70 
0.02 
O.Oll 
8.27 
94.82 
2.814 
0.109 
1. 186 
0.390 
0.004 
1.074 
1.312 
0.001 
0.006 
0,789 
7,686 
0.372 
0.455 
36.31 
2.44 
19.86 
0.06 
17.38 
9.36 
0.03 
0.00 
8.58 
94.02 
2.7117 
0.138 
1.253 
0.5111 
0.005 
1.096 
1.062 
0.002 
0.000 
0.829 
7.646 
0.390 
0.318 
36.50 
2.41 
19.46 
0.06 
16.111 
10.27 
0.08 
0.03 
8.61 
93.83 
2.756 
0.137 
1.244 
0.4811 
0.005 
1.033 
1. 163 
0.005 
0.004 
0.830 
7.661 
0.366 
0.412 
36.52 
2.58 
19.91 
0.06 
18.08 
9. 19 
0.03 
o.oo 
8.68 
95.05 
2.742 
0.145 
1.258 
0.500 
0.005 
1 . 131 
1.035 
0.002 
0.000 
0.832 
7.650 
o.402 
0.368 
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TABLE 6 (continued} 
OXIDE/ION MB-3A MB-SB MB-6A MB-SA MB-Sc MB-9A MB-9C 
------------------------------------------------------------------------
S102 36.37 36.59 36.46 37, 13 35.95 37.56 36.80 
Ti~ 3.09 3,83 3.23 2.56 4.11 3,ll4 3.56 
Al203 19.66 18.47 18.06 17. 13 17.611 18.14 18, 15 
CaO 0.06 0.05 0.09 0.011 0.05 0.09 0.01 
FeO 16.95 16.86 15.211 11.03 17.13 15.70 15.68 
HgO 9,59 10.18 11.09 11.66 9.11 1'1, 79 11.30 
HnO 0,05 0.03 0.03 0.08 o.oo 0.01 0.03 
Na2') 0.01 0.02 o.oo o.oo o.oo o.oo 0.15 
K20 8.56 8.55 8.63 8.63 8,57 8.66 8.57 
TOTAL 911,l!O 94,58 92.83 94.26 93.16 95.115 9ll.31 
Si 2.736 2,7119 2.7711 2.805 2,755 2.778 2,759 
I Ti 0.1111 0.216 o. 184 0.145 0.236 o. 191 0.200 
uIV 1.264 1.251 1.226 1.195 1.245 1.222 1.2111 
uVI 0.1176 0.382 0,390 0.327 0.345 0.356 0.360 
Ca 0.005 0.0011 0.007 0.003 0.004 0.001 0.006 
Fe 1.063 1.056 0.966 1.072 1,0911 0,968 0.980 
Hg 1.082 1. 1ll7 1.265 1.321 1.116 1 .308 1.271 
Mn 0.003 0.002 0.002 0.005 0.000 0.0011 0.002 
Na 0.010 0.003 0.000 0.000 0.000 0.000 0.022 
K o.s22 0.820 o.838 0.832 0.838 0.818 0.820 
TOTAL 7,636 7.630 7,653 7,705 1.633 7,651 7.661 
XFe 0.380 0,377 0,34ll 0.3711 0,392 0,3112 0.348 
xHg 0.387 o.409 0.1151 o.46o o.4oo o.463 o.452 
, 
• 
. 
. 
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TABLE 6 (continued) 
OXIDE/ION MB-11A MB-1 IC MB-11D IIB-12A HB-14A MB-14B HB-18B 
------------------------------------------------------------------------
S102 
T102 
Al;!03 
eao 
F'eO 
MgO 
MnO 
Na;!O 
K20 
TCTAL 
Si 
Ti 
Al IV 
Al VI 
Ca 
Fe 
Hg 
Mn 
Na 
K 
TCTAL 
36.91 
3.61 
18. 19 
0.05 
17.57 
10.27 
0.05 
0.00 
8.72 
95,37 
2.761 
0.203 
1.239 
0.362 
0.004 
1.095 
1.095 
0.003 
0.000 
0.833 
7.652 
0.389 
0.409 
35.53 
3.26 
17.85 
0.06 
16.62 
10.92 
0.08 
0.04 
8.08 
92.llll 
2.733 
0.188 
1.267 
0.3118 
0.005 
1.065 
1.260 
0.005 
0.006 
0,793 
7,671 
0,372 
0.439 
35.68 
3.42 
16.64 
a.as 
15.61 
11.18 
0.06 
0.00 
8.58 
91.25 
2,779 
0.200 
1.221 
0.303 
0.007 
1.013 
1.306 
0.0011 
0.000 
0.853 
7.686 
0,358 
0.1162 
36.91 
3.31 
1s.31 
0.06 
15.21 
11.63 
0.05 
o.oo 
8.65 
911. 13 
2.765 
0.186 
1.235 
0.379 
0.005 
0.950 
1.307 
0.003 
0.000 
Q.827 
7.656 
0.336 
0.463 
37.23 
3.26 
18.27 
0.07 
15. 11 
12. 18 
0.01 
0.04 
8.13 
94.90 
2.764 
0.182 
1.236 
0.360 
0.006 
0.935 
1.357 
0.001 
0.006 
0.828 
7,673 
0.330 
0.479 
37.24 
3.03 
17 .85 
Q,04 
111.84 
11.911 
0.00 
0.00 
8.79 
93.73 
2.797 
0.171 
1.203 
0,3711 
0.003 
0.929 
1.3115 
0.000 
0.000 
0.843 
7.665 
0.329 
0.477 
35.96 
2.26 
18.29 
0.08 
16.40 
10.76 
0.02 
0.00 
8.69 
92.46 
2.765 
o. 130 
1.235 
0.1120 
0.007 
1.051 
1.241 
Q.001 
0.000 
o.853 
7.704 
0.370 
o.436 
j 
i 
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CORDlERlTE 
Mole values are normalized to 11 cations. All iron is assumed to 
be divalent. The following symbols are used in this section: 
XFe = Mole Fraction Fe-Cordierite 
XMg = Mole Fraction Mg-Cordierite 
l 128 
I j 
TABLE 7 
CORDIERITE CHEMISTRIES 
OXIOE/IOll W-1A W-28 W-6B W-9A1 W-10A W-11B ll-11D 
------------------------------------------------------------------------
Si~ 49.03 ll8.08 117,66 118.86 118.47 48. 13 48.06 
I T102 0.02 0.03 0.02 o.oo o.oo o.oo 0.00 
I l 
Al203 32.ll3 32.07 31.71 32.114 32.27 32.00 31.83 
eao 0.02 o.oo 0.05 0.02 O.Oll 0.01 0.011 
; J FeO 1.23 7.22 7,95 7. llll 7,70 7,56 7,53 
I MgO 9.39 9,2ll 8.61 9,22 8.53 8.91 8.90 
HnO 0.31 0.2ll 0.23 0, 11 0.35 o. 111 0.10 
lla20 o. 10 o.oo o.oo 0.05 o.oo o.oo 0.07 
K20 0.02 0.02 o.oo 0.01 0.01 o.oo o.oo 
TOTAL 98,55 96,90 96.23 98.15 97,37 96,75 96,53 
1 l Si 5.003 11.992 5.0011 5.010 5.030 5.015 5.016 
', Ti 0.002 0.002 0.002 0.000 0.000 0.000 0.000 I 
1 Al 3.899 3.92ll 3.923 3,919 3,9ll6 3.929 3.9111 I 
1 
'I 
I I Ca 0.002 0.000 0.006 0.002 0,004 0.001 0.005 l 
' Fe 0.617 0.627 0.698 0.638 o.668 0.659 0.657 
:: Mg 1.1129 1. ll31 1.3ll8 1.ll10 1.320 1 .38ll 1.385 
I 
! . Mn 0.027 0.021 0.020 0.010 0.031 0.012 0.009 
Ila 0.020 0.000 0.000 0.010 0.000 0.000 0.01ll 
( JC 0.003 0.003 0.000 0.002 0.002 0.000 0.000 
0 17 .942 17,955 17.967 17,9611 18.002 17,979 17.966 
! 
I XFe 0.302 0.305 0.3111 0.312 0.336 0.322 0.322 I 
I ' I 
XMg 0.698 0.695 o.659 o.688 0.6611 0.678 0.678 
, I 
I 
.I, ..' .. ' I. ! I 
' i : 
' I . 
I 
l 
i 1 
; ~ 
i I 
l 
! 
:( 
I 
\". 
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TABLE 7 (continued) 
OXIDE/ION W-13B Cl-1B Cl-2A MB-1B MB-2B MB-3A MB-5B 
~-----------------------------------------------------------------------
Si02 48.07 47.96 47.85 48.91 48.21 48.58 48.51 
Ti~ 0.00 o.oo 0.00 0.00 0.00 0.03 o.oo 
Al203 31.74 31.52 31.90 32.48 31.92 32. 15 31.98 
cao o.oo 0.02 o.oo 0.02 0.01 o.oo 0.01 
FeO 6.94 7.54 6.96 7.11 7,37 6.91 6.58 
MgO 9.48 8.97 9,34 9.54 8.88 9.61 9.96 
l!nO 0.21 0.08 o.oo 0.07 0.20 o.oo 0.09 
Na2') 0.00 0.07 o.oo o.oo o.oo o.oo o.oo 
K20 0.02 0.06 0.02 0.02 0.06 o.oo o.oo 
TOTAL 96.46 96.22 96.07 98. 15 96.65 97.28 97. 13 
Si 5.007 5.020 5.003 5.007 5.027 5.013 5.004 
Ti 0.000 0.000 0.000 0.000 0.000 0.002 0.000 
Al 3.895 3.887 3.930 3.917 3.922 3,909 3,887 
Ca 0.000 0.002 0.000 0.002 0.001 0.000 0.001 
Fe 0.605 0.660 0.609 0.609 0.643 0.596 0,568 
Mg 1,472 1.400 1,456 1.456 1,381 1,479 1.532 
Hn 0.019 0.007 0.000 0.006 0.018 0.000 0.008 
Na 0.000 0.014 0.000 0.000 0.000 0.000 0.000 
K 0.003 0.010 0.003 0.003 0.010 0.000 0.000 
0 17. 952 17,951 17,966 17 .964 17 .983 17.970 17,948 
XFe 0.291 0.320 0.295 0,295 0.318 0.287 0.210 
XMg 0,709 0.680 0,705 0,705 0.682 0.713 0.130 
' 
' 
' 
' ' 
I ' 
I 
' ' I 
! ' 
I 
j 
l 
l 
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TABLE 7 (continued) 
OXIDE/ION MB-SC HB-9C MB- 1 1 A 
--------------------------------------------~---------------·-----------
S102 
Ti02 
Al203 
cao 
FeO 
HgO 
HnO 
Na20 
K20 
TOTAL 
Si 
Ti 
Al 
ca 
Fe 
Hg 
Mn 
Na 
K 
a 
119.111 
0.00 
32.32 
0.02 
7 .13 
9.511 
a.all 
0.01 
0.01 
98.21 
5,029 
0.000 
3.897 
0.002 
0.610 
1.456 
0.004 
0.000 
0.002 
17.977 
Q,295 
o. 705 
118.97 
0.02 
32.69 
0.02 
6.23 
10.110 
0.10 
o.ao 
0.01 
98.1111 
4.972 
0.002 
3.912 
0.002 
0.529 
1.575 
0.009 
o.oao 
0.002 
17,928 
0.251 
o. 7119 
48.54 
o.ao 
31.85 
0.00 
6.75 
9.77 
o. 111 
0.00 
0.00 
97 .05 
5,018 
0.000 
3.880 
0.000 
0.5811 
1.506 
0.012 
0.000 
0.000 
17.958 
0.279 
0.721 
·1··.!" 
.. 
• i 
i • 
I 
i l 
I 
! 
I 
, 1 
j 
I 
I 
. I 
i 
I 
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PLAGIOCLASE 
Molar values are normalized to five cations. All iron is assU111ed 
to be trivalent. The following symbols are used in this section: 
XNa = Mole Fraction Albite 
Xca = Mole Fraction Anorthite 
XK = Mole Fraction K-Feldspar 
, 
' 
; 
l 
l 
I 
I 
j 
l 
l 
I 
I 
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TABLE 8 
PLAGIOCLASE CHEMISTRIES 
OXIDE/ION il-1A il-2B il-6B il-9A1 il-10A il-1 IB il-1 TD 
---------·--~-----------·------------~----------------------~--4--------
S102 
Al~3 
Fe203 
eao 
lla20 
K20 
TOTAL 
Si 
Al 
Fe3+ 
Ca 
Ila 
K 
0 
61.90 
211.112 
0.00 
5.54 
8.37 
0.26 
100.119 
2.737 
1.270 
0.000 
0.262 
0.116 
0.015 
8.006 
o. 121 
0.2611 
0.015 
61.611 
23.311 
a.as 
11.111 
8.711 
0.29 
98.80 
2.7611 
1.231 
0.002 
0.228 
0.759 
0.017 
1.992 
0.756 
0.227 
0.017 
60.95 
25.22 
0.10 
6.111 
7.97 
o. 16 
100.81 
2.692 
1. 311 
0.0011 
0.303 
0.681 
0.009 
8.002 
o.686 
0.305 
0.009 
61.08 
211.06 
0.10 
5.116 
8.36 
0.29 
99.35 
2.730 
1.265 
0.0011 
0.262 
0.123 
0.017 
1.993 
o. 122 
0.261 
0.017 
63.00 
23.81! 
0.07 
II.SIi 
9.20 
0.22 
101. 75 
2.779 
1.220 
0.003 
0.212 
0.775 
0.012 
7.996 
o. 776 
0.212 
0.012 
61.211 
22.88 
0.03 
11.53 
8.62 
0.115 
97.75 
2.776 
1.220 
0.001 
0.220 
0.756 
0.026 
7.995 
0.755 
0.220 
0.026 
61.51 
22.33 
0.08 
11.00 
8.76 
o. 211 
96.92 
2.811 
1.201 
0.003 
o. 196 
0.775 
0.0111 
8.017 
0.787 
o. 199 
0.0111 
l 
' 
, I 
i 
j 
i 
' ! 
i 
" 
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TABLE 8 (continued) 
OXIDE/ION W-13B CL-1B CL-2A MB-1B KB-2B HB-3A 
MB-5B 
-----------------------------------------------------~------------------
s102 
Al,!03 
Fe203 
eao 
Na20 
K,!O 
TOTAL 
Si 
Al 
Fe3+ 
Ca 
Na 
K 
0 
61.31 
23.36 
0.07 
4.95 
8.39 
0.29 
98.37 
2.768 
1.241 
0.003 
0.239 
0.733 
0.017 
8.013 
0,7111 
0.242 
0.017 
62.l!S 61.26 
23.38 23.911 
o.oo o.oo 
4.71 5.81 
8.75 8.38 
0.26 0, 15 
99.58 99.54 
2,782 2.733 
1.225 1.257 
0,000 0.000 
0.225 0.278 
0.754 0.724 
0.015 o.009 
8.010 7.996 
0.759 0.717 
0.226 0.275 
0.015 0.008 
61.26 61.31 
23.911 23.36 
0.12 o.oo 
5.33 5.11 
8.lJ9 8,29 
0. 14 0.29 
99.28 98.36 
2.739 2.770 
1.259 1.242 
0,005 0.000 
0.255 0.247 
0.735 0.725 
0.008 0.017 
7,997 8.020 
o. 736 o. 733 
0.256 o.250 
0.008 0,017 
60.115 
211.07 
o. 16 
5.10 
8.52 
0.22 
98,52 
2.720 
1.274 
0.006 
0.246 
0.742 
0.013 
7.980 
0.742 
0.246 
0.013 
61.89 
24.43 
0.00 
5.42 
8.lJO 
o.25 
100.39 
2.738 
1.272 
0.000 
0.257 
0.719 
0.014 
8.007 
0.726 
0.259 
o.01lJ 
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TABLE 8 (continued) 
OXIDE/ION MB-8C MB-9C MB-11A 
------·---------------------·------------~------------------------------
S1Q:! 58.42 61.56 62.11 
A1203 24.95 23.85 24.08 
Fe203 0.07 0.09 0.06 
eao 6.52 5.06 5.39 
Na;?O 7.67 8.67 8.38 
i 
K20 0.22 0.21 0.31 
TOTAL 97.85 99.44 100.33 
S1 2.657 2.744 2.751 
Al 1.335 1.251 1.255 
Fe3+ 0.003 0.003 0.002 
ca 0.318 0.242 0.256 
Na 0.675 0.748 0.718 
K 0.013 0.012 0.018 
0 7.980 7.990 8.011 
Xffa o.671 0.747 0.724 
Xea 0.316 0.241 0.258 
XK 0.013 0.012 0.018 
, 
I 
J . 
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ORTHOPYROXENE 
Hole values are normalized to four cations. The following symbols 
are used in this section: 
XFe = Hole Fraction Orthoferrosilite 
XHg = Hole Fraction Enstatite 
' ! 
l 
I 
i 
' ' I 
OXIDE/ION HB-8A 
136 
TABLE 9 
ORTHOPYROXENE CHEMISTRIES 
--------------------------------------------------~------------~-----·-
S102 49.69 
Tl02 o.oo 
Al~3 1.43 
eao 0.18 
FeO 28.76 
HgO 17.68 
HnO 0.98 
Ila~ o.oo 
TOTAL 98.12 
Si 1.932 
Tl 0.000 
AlIV 0.065 
uVI 0,000 
Ca 0.008 
Fe2+ 0.864 
Fe3+ 0.068 
Hg 1.031 
Hn 0.032 
Ila 0.000 
0 5.965 
1 
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